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FOREWORD TO THE ENGLISH EDITION 


Unfortunately the Author died on 16 January 1966, a few months 
prior to his seventieth birthday and before the publication of his 
work into English. 

Professor Nicholas Bernstein was one of the great Russian physio¬ 
logists who started a special branch of Physiological Science_the 

physiology of activity. 

A man with a brilliant mind, an outstanding physiologist and 
mathematician, equally gifted in Science and in Art, he started his 
work in the twenties with a series of studies on the physiology of 
human motion. Using the cyclographic method and mathematical 
analysis of human movement, he formulated some general laws of 
the organization of human movements. In 1926 he published his 
well-known work on General Biomechanics, and in 1935, twelve 
years before the famous publication of Norbert Wiener, he for¬ 
mulated some basic principles of self-regulatory systems and the 
role of feedback in the regulation of man’s voluntary movement. 
Twelve years later he completed his basic book. The Construction 
of Movements, which was published in Russian (1947). Here he 
described the basic levels of the organization of movements, starting 
with the elementary—spinal and subcortical levels—and ending with 
a sophisticated description of different cortical level*—the “spatial”, 
object” and “symbolic” ones. Here he formulated the basic rules 
of self-regulating movements of the man; he mentioned that it is 
impossible to control the plastic and changing movements by effer¬ 
ent impulses only, and formulated the role of the afferent feedback 
for the control of human actions. The description of the basic rules 
of the self-regulating systems underlying the movement of man, 
formulated in this book, was a result of the sophisticated physio¬ 
logical and mathematical work of Professor Bernstein, the leading 
authority in this chapter of human physiology. 

In the latter part of his life—the fifties and sixties—Professor Bern- 
stein was engaged in the generous task of including his findings in a 
rather philosophical system of “Physiology of Activity” cybernetical 
in its structure and biological in its context. The ideas of the rela- 
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tion of the models of Future (Soll-Wert) to their real don in the 
Present activities (Ist-Wert), the basic principles of probabilistic 
approach to the organization of the goal-directed behaviour, the 
ideas of a new deterministic solution of the old problem of activ¬ 
ity all these ideas have found a new shape, and are equally im¬ 
portant both for biology and psychology, as well as for mathematics 
and philosophy. * 

The reader will find in this book the brilliant essays of a great 
man of science and, no doubt, the ideas contained in these essays 
will have a marked influence on the future work in these fields. 

The late Professor Bernstein was a man who had the remarkable 
gift of penetrating into the future, and generations of biologists, 
physiologists and psychologists will be grateful to him for his 
generous endeavour. 

Moscow 
March 1966 


A. R. Luria 


PREFACE 


The aim of this small collection of papers is to acquaint the reader 
with some fundamental conclusions gained from nearly 40 years of 
experimental and theoretical research into the control and regulation 
of human motor functions. The work has been carried out by 
my colleagues and myself by means of the cyclogrametric meth¬ 
ods worked out in our laboratories. We have studied systemati¬ 
cally and with the highest possible accuracy a great variety of 
movements in children, adults and old people, in both normal and 
clinical conditions, as well as in everyday life, work and sport. The 
articles published here cannot, of course, cover the complete range 
of our experimental findings, or even all of the most reliable and 
significant ones. 

This collection has another important purpose, however. I have 
set out to show the general physiological conclusions that can be 
drawn, and the important changes in theory that can result, from the 
thorough and minutely detailed study of the co-ordination and re¬ 
gulation of motor functions. Such an analysis of the most important 
aspects of the vital activity of higher organisms has not yet been 
accorded the place in physiology which it deserves, but as it de¬ 
velops it promises to be of the greatest value in cybernetics and in 
the exact mathematical formulation of a physiological theory of 
motor behaviour. 


Moscow 


N. Bernstein 





PREFACE TO THE ENGLISH EDITION 


This small collection includes papers which, although published at 
various times over a period of many years, form a coherent whole. 
The object of these studies is to illuminate the main problems and 
topics which have arisen in the course of 40 years of experimental and 
theoretical analyses of the regulation and control of human motor 
acts. The investigations were undertaken by means of the cyclo- 
gramatic method developed by our Unit, and described during this 
period in a series of publications [see Refs. 8, 12, 16, 18, 21 and 26], 
This technique has been shown to be an extremely valuable tool for 
the detailed investigation of the structure and co-ordination of 
motor acts. The author and his colleagues* have used this tech¬ 
nique in a large number of studies (which are far from completely 
represented in the bibliography), examining a whole series of 
movements encountered in industrial, athletic and artistic activities! 
and a wide range of locomotor activities of various types.* 

The papers incorporated in this text naturally cannot anH Ho not 
purport to describe our experimental results in their entirety, or 
even to deal adequately with our most detailed and significant 
studies. This collection has another object. The author has tried 
to show how problems of general physiology can be explored in 
terms of the structural analysis of movements, how they may be set 
against a wide range of evidence from general physiology, dynami¬ 
cal anatomy and clinical studies and how, often, very significant 
changes and shifts in point of view on the regulation of motor acts 
arise from the necessity to study these acts in the most microscopic 
detail, and with the widest possible synthetic grasp of experimental 

* L. Chkhaldze, D. Donskoi, V. Gurfinkel, S. Kossilov, L. Ossipov, T. Popova, 
N. Sadchikov, O. Salzgebcr, P. Spielberg et al. 

t Cutting with a chisel, punching, stamping, striking keys in piano-playing, 
kicking in football, skiing, cycling, etc. 

* Normal free Walking, carrying weights, the changes of pace with fatigue, 
the development of walking in childhood and its involution in old age, various 
styles of running in sport, marching, the interruption and the redevelopment of 
walking after amputation and as a result of damage to the central nervous 
system, etc. 
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branches of human and comnarativp ” h° n£ ,° P tbe most obscure 
allowed himself to hope that the I *J w,0,0gy; the author has 
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difficult task. g Wlth Wh,ch they have carried out their 
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CHAPTER I 


the techniques of the study 
OF MOVEMENTS 

i" ° f w ° ,k - b> 


J. The Cinematographic Study of Movements 

Human movements have long been of great interest to invest; 
gators. Attempts have been made to observe and measure them f 

wTberHbfca Inthe boning ofthe 19th century the brothers' 

Weber [76] carried out an extensive study of walking 

the primitive observational techniques of their period-measuring 

lines and diopters. However, the rapid sequential patterns of human 

movements would have made precise observation unattainable if 

^TTT had 3riSen; th£Se oPPortunitiesTo^ be 

realized by the experimenter only with the development of in 

ph0 l 0graphy in the sixties of the 19th century It was 
at just this time that energetic attempts to decipher the physiological 
mechanisms of human motor skills were begun; the end of the 

thos u m ° Ur fidd by Such outs tanding studies as 

f * ° f Muybridge in the United States, Marey in France and 
Braune and Fischer in Germany. The methodological innovations of 
the first two authors form the basis of later developmentsTcine 
matography; the last two authors laid the foundations of rigorously 
ZSap q hy ant,tatiVe inVCStigati0n of cements with the help of 

It is not necessary in our own time to prove the value of cinemato 
gtaphy as a technique for the study of movements; it provides an 
opportunity to record and to fix the rapidly interchanging n hases of 
hve movements in order to subsequently analyse them 8 with “ 
nequired degr* of accuracy. Figure", preLTi »nes oT«"ve 

‘' SSt rU1 "" n * by a taken by synchronizing 
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2 Co-ordination and Regulation of Movements 

two cameras from separate view points. These photographs were 
taken by Muybridge in 1887 and are evidence of the high technical 
level attained by this forefather, of cinematography 
It can be seen in Fig. 1 that the right leg later assumes the position 
which was earlier occupied by the left leg in the sixth frame; there 
is a correspondence, for example, between frames 1 and 7, 2 and 8 
and so on. In tins way a single step is spread out over 6 frames. This 
corresponds, in the given series, to a frequency of 24 frames per 
sec; during this period of time the subject could accomplish 4 single 
steps. For comparison we may observe that in contemporary cine¬ 
matography the standard frequencies are 16 frames per sec for 
silent films, and 24 frames per sec for films with a sound track. At the 
present time high-speed cameras have shutter speeds of 160 400 and 
even 1500 frames per sec. A single step of Muybridge’s run would 

be broken down by these later cameras (Zeiss system) into 375 se¬ 
parate frames. 

It may easily be imagined what occurs if motion-picture films 
exposed in high-speed processes are projected through conventional 
cinematographic equipment. Four hundred frames taken by a 
ugh-specd camera in 1 sec may be run through a projector which 
operates at 16 frames per sec over the period 400/16 = 25 sec; 
consequently, we may examine on the screen events photographed 
in the course of a single second. The time is increased, as it were, by 
a factor of 25; the term “time magnification” which has been applied 
to high-speed cameras can be justified in this way. Events which 
take place quickly in nature can be made many times slower per¬ 
mitting leisurely examination of all their temporal details. Bern¬ 
stein and Dement’ev [17] have constructed a special motion-picture 
projector allowing smooth projection on a screen at a frequency of 
~ 5 ' ma 8 es P er scc > f hat is, one-third or one-fourth as fast as the 
normal projection rate. This technique allows an increase in the 
augmentational effect of time magnification and it is possible, for 
example, to examine the high-speed camera photographs referred 
to above with a time augmentation of 400/4 = 100 times. 


2. Cyclography—the Planar Projection of Movements 

Marcy introduced another method which, after numerous im¬ 
provements of his basic idea, has come to occupy an unconditionally 
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predominant place in the study of movement. Separate, independent 
cinematographic exposures illustrate every phase of a movement 
excellently but they do not give a direct representation of the inter¬ 
relations between successive phases. In the photographs in Fig. 1 
there are positions but not movements. It cannot be seen from them 
in what direction or with what velocity any given joint of the body 
is moving at the moment when a single exposure is made. These 
elements of a movement, its direction and velocity, are clearly 
visible by projection of the film on a screen but they can still 
only be observed by the naked eye and not by means of measuring 
instruments. Cine-film reproduces the movement in its entirety, 
but. fixes in a form convenient for scientific measurement merely 
positions and isolated phases. Marey’s idea consisted in recording 
on the photograph all the dynamic changes in the phases of the 
movement. 

In order to achieve this, Marey isolated from the rest of the sub¬ 
ject’s body narrow strips on the long axes of the limbs and made 
them luminous while keeping the rest of the subject’s body black 
so as not to record on the photographic emulsion (Fig. 2). He then 
photographed the subject, in this clothing, many times on a single 
plate in the course of making a movement (Fig. 3). As a result 
multiple images were obtained—chronophotography—providing a 
perfect opportunity to measure the directions and velocities of 
movements of particular points of the body. Braune and Fischer 
improved this technique by replacing Marey’s tapes with Geisler 
tubes which provided intermittent light at intervals of 26 per sec. A 
photograph of walking taken by Braune and Fischer is given in 
Fig. 4. 

Marey’s school (Bulle, Gastine) replaced the tapes by points; 
in order to do this they fixed miniature incandescent bulbs to the 
points of the body under investigation. This alteration in technique, 
as adopted by American (Gilbreth, Townsend) and German 
(Thun) investigators, was termed cyclography. The Moscow School 
of Biometrics developed the cyclographic technique to a high degree 
in comparison with the forms in which it was employed in the 
West; for this reason the most useful approach will be to describe 
the current status of cyclography in terms of the studies carried out 
by this school. A typical cyclogram of walking is given in Fig. 5. 

Small electric bulbs (Fig. 6) are fixed at the points of the sub¬ 
ject's body that are to be photographed. If necessary, flashlight 
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SJ-JSS be r ed f ° r tbe iight (Fig - 6(c »’ but li °y galled bulbs 
(rig 6(b)) with a spiral filament, as prepared by F. Wolf in Berlin 
or Bernstein’s project, are more suitable and provide ideal point 
representations because their filaments are only 1 mm in length. The 
bulbs are most frequently fixed over the centres of joints The cur- 

?rl ( Tuu 0tenti i °?~ 5 V) iS kd t0 the bu,bs throu g h thin flex 
from a belt worn by the subject; it is led to the latter through thin 

six-strand flex—a “tail”—20-80 m long, and thus not interfering with 
any movements, even running, which is connected to the experimen¬ 
ter s distribution board. Jt is also possible to supply the bulbs from 
ry batteries worn by the subject, but then they cannot be controlled 
from a distance, and it is often very important. 

A cyclogram of uncomplicated movements (e.g. walking or run¬ 
ning) is recorded on a fixed plate placed in a standard camera. If 
the subject carries out a movement in front of the camera with 
bulbs lit when the lens is uncovered, the displacement of each bulb 
will be represented on the photograph by a single continuous curve 
In order to break down the image of the movement into distinct 
successive phases—to obtain a chronogram—the exposure is made 

coverfi i a i raP f y r0ta u ng (a " intCrru P te T Fig. 7) which 

covers the lens for very brief periods at equal intervals some tens or 

hundred times a second. When the lens shutter is open the light 

from all the bulbs falls simultaneously on the plate and then is 

immediately blocked out when the lens is again covered. For this 

thpTff' 1 ?! d ° tS ( r lg ' 5) int ° Which the rotatin 8 shutter breaks 
different traces of the bulb trajectories correspond closely to 

each other in time. If points from adjacent trajectories which cor¬ 
respond to each other in time are joined by straight lines, schemata 
of successive positions of the movement are obtained which are 
exactly similar to the chronophotographs of Marey and Fischer 
F,g 8; see also Fig. 27(a)). With the help of a rotating shutter it is 

vrLl r fTr eS ? fup t0 600 per sec ’ F e - higher than are 
given by Debn s high-speed camera; it is difficult to operate faster 

than this frequency as the points of the trajectory then begin to 
merge into each other. We will not touch here on auxiliary tech¬ 
niques employed for more reliable identification of corresponding 
points of merging trajectories. V 8 

Exact measurement of the frequencies given by the rotating 
hutter is essential for the quantitative study of movements A 
siren device employed by the Moscow school is very useful in this 
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respect, the technique being based on determination of the fre¬ 
quency of a tone emitted by a siren located on the shutter and ro¬ 
tating with it. This device, with a series of auxiliary devices, permits 
accuracy within a fraction of one per cent in the determination of 
frequencies. Mukhin’s technique, employing the characteristics of 
neon bulbs, is even more accurate. Bernstein’s measuring device, 
called a strobometer, is constructed on this principle and consists of 
an accurately calibrated electromagnetic tuning-fork, a low fre¬ 
quency amplifier and a neon bulb. Oscillations of the tuning-fork 
are amplified and control the neon bulb which goes on and off 
in synchrony with the oscillations. The bulb illuminates a small 
circle of concentric asterisks fixed on the axis of the rotating 
shutter. If the rotation speed is regulated with a rheostat so that the 
asterisk intermittently illuminated by the neon bulb appears to be 
motionless, the speed will be exactly syncronous with the oscilla¬ 
tions of the tuning-fork. It is possible to calibrate it within some 
thousandths of one per cent with this apparatus. The advantage of 
Mukhin’s method over the siren lies in the fact that several ro¬ 
tating shutters may be very accurately synchronized so as to work 
together, that it to say, the movement may be studied from different 
angles with several cameras. The action of the shutter may be ren¬ 
dered even more accurate if a frequency stabilizer with a Lacour 
wheel is coupled to the drive motor. The low frequency source for 
these stabilizers may be obtained from a sound-frequency oscillatory 
circuit with a subsequent stage of amplification. 

Cyclography, in the form just described, is a poor device for the 
investigation of cyclical overlapping movements—to which category 
the majority of industrial processes belong: in movements of this 
type the images of the trajectories of the bulbs on a stationary plate 
appear as overlapping undifferentiable tangles. In order to overcome 
this inadequacy in cyclography Bernstein introduced kymocyclo- 
graphy [12], i.e. cyclographical exposures on slowly and evenly 
moving photographic film. The traces of rapid repetitive movements 
are resolved on the film by this technique into wave-like curves 
(Fig. 9) which are always easy to decipher. Taking the movement 
of the film into consideration (this can be done by means of very 
simple devices) and excluding it in calculations the observer can 
arrive at just as accurate and reliable data on the duration of move¬ 
ments from the curves obtained on the film as is available for the 
simplest movements from standard cyclograms. 
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3. Stereoscopic Recording of Movements 
Both cyclography and kymocyclography rive in th* r 

turn to complex o^lZTZ7IZ^t T* “? ^ 
space, in other words changes in all fhri?-i fy ° bject m 
an object must be rernrdJi u J three Spatial coordinates of 

two dkcm poi^TS L a o 0 i from m fe ™ «■» 
walking from 4 point, airaulta„e„™ y “ft 

coorrr^hf g :^tofimh** of determinat »°n of the 
of observation, in our case of both ct W apart are the two points 
stereoscopic cameras the lenses are Scm^t''"T.l!" S ' a " di,rd 
of measurement of the coordinate of deptt isTeL ? 0 „ J 

in the fields of view of both wf ' '° n , rasu ts * n Stoss differences 
the lenses. For tWs r^on f it? “ W " h ? aMM “I"™ 1 **• of 
movements with Iwo rs^r a “" VCnicnl ,0 Photograph the 
lenses convergent L!"? , W 2. tl1 ' o»s of the 

employed by Drill [361 For svn h" & u ' S type ° f apparatus was 
of two cameras place] at sZ JT" ^ ^ Set the ^ters 
same long axis The Molwh^ ^ ° th£ ? on the 

technique which is i^omnLw ^ C SCh ° 01 Se,ected another 
The mirror meld Zelo^ ^ 

obtain two distinct nnint« .,5, * 16, 18 J aI, ows one to 

only a single rotating shuttov '* ** a "« thus 

of a'camera'at'a'give^anrflrto ! s in the field of view 
so that the movinfoWei S * a a “ S - ** mim ’ “ «t 
of vision „f the e,merr?a d^L? a 1?*™' ,wto in «“ « 
tFif? lot Til ^ v directly and ( b reflected in the mirror 

If' 10) ' 7he m 'rror replaces the second distant noUlf 
If, for example, it is placed at an angle of 4?' Vlew ' 

axis of the objective then thr 9m , 8 u ■ t0 the main °P tic al 

accuracy for comSC“ “I™ 1 '-' to the 
by twice the distance of the can*™) S Wlt , tW ° cameras separated 
■n, the accuracy of & 
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as here we need not worry about either the perfect matching of two 
lenses or the careful alignment of their two main axes which is of 
decisive importance for photography with two convergent cameras. 

Material obtained with the help of mirror kymocyclography is in 
a class of its own in comparison with the accuracy which may be 
obtained by means of other existing techniques of recording move¬ 
ments. Kymocyclography allows one to obtain several hundred 
phases of a moment in a second, while measurement of the time 
intervals between successive phases may be carried out with the help 
of a strobometer with an accuracy of within one millionth of a sec¬ 
ond. Skilfully taken mirror kymocyclograms also give excellent 
spatial accuracy, to within not less than 1 mm on any of three mir¬ 
ror coordinates. However, the most important advantage of the 
technique just described in the most general terms lies in the ease 
with which the material obtained in this way can be subjected to 
quantitative analysis and to mechanical interpretation. Photo¬ 
graphic registration of movements is in no way the final aim of in¬ 
vestigation but merely its raw data, and thus permits an approach 
to the real goal of investigation—physiological and biomechanical 
analysis of the processes of movement. 

Methods of Analysis of the Cyclogram. To decipher a cyclo¬ 
gram it is necessary in the first place to measure the photograph of 
the movement which we have obtained. It is exceedingly difficult 
to measure the positions of the cyclographic points directly on the 
photographic plate or film; moreover, such a process would in this 
case be very inaccurate. Fischer measured his negatives under a 
special microscope which is also inconvenient and insufficiently 
accurate because of the small field of view of the lens. The Moscow 
biomechanicians employ for this purpose a process of photographic 
measurement suggested by Lavrentiev. Cyclographical or kymo- 
cyclographical negatives are greatly enlarged, and during this pro¬ 
cess a millimetre or even a half-millimetre grid is transferred to the 
paper by the same photographic process. Then it is easy to calculate 
the coordinates of all cyclographical points with a high degree of 
accuracy (Fig. 11). These coordinates are the basic raw material 
to obtain which all the techniques that have been described above 
are necessary, and from the analysis of which it is now possible 
to extract the md^imum available amount of information about 


the process of the movement which has been photographed. The 
inadequacy of the cinematographic method lies in the facts that it is 
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considerably more difficult to obtain these cr-- aw. t 

Z* 

dcfcnM i„ yC !hfr,w' d r iCK a,ld pro “ dures *l>ich have been 

|SSHS=S=S 

srsSHSw"-'"'-- 

£==rS^S~ 

SSiSSESSH 

which appear i ^rm a r : f o ~:'f2r° mS ° r “«* 

more clearly in curves of rh»n • Th . features are expressed 

which may also be obtained by ver'y's^mpemethld^f m ° V f ments 
the coordinates of n * S,M ? Ie methods from data on 

SSKS TZ J 

sS3S~-~ 

made by Braune and Fische y '^^"‘'^chronophotograms were 
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direct data on these forces from chronophotographs or cyclograms. 
However, from these, and especially from the velocity curves which 
have just been mentioned, it is possible to obtain information on 
the acceleration of one or another point of the body. The dynamic 
forces are calculated by multiplication of the accelerations by the 
masses of the parts of the body undergoing acceleration. As will 
be apparent from the subsequent discussion, analysis of the forces 
producing movements and juxtaposition of these force data with 
data about the movements produced by operation of these forces 
gives a clear insight into the biomechanical and physiological char¬ 
acteristics of the processes of movement. The reader will see this for 
himself from the examples to be presented later. 


4. Masses and Centres of Gravity of the Limbs 
of the Human Body 

It is clear from the preceding discussion that it is possible to descri be 
the work done by the skeletal musculature only if we have precise 
knowledge of the masses of the limbs of the human body and of the 
locations of their centres of gravity. Until recently this aspect of 
the problem was one of the most obscure in anatomy, and it is only 
now that an extensive investigation carried out by the author of 
this paper and his colleagues has in some degree begun to illuminate 
the problem of distribution of mass. 

Two investigations of the problem indicated above are available 
in the literature; these are studies by Harless and by Braune and 
Fischer. These investigators employed the technique of dissection 
of frozen cadavers, following which the separate limbs were weighed 
and their centres of gravity determined by one of the methods of 
elementary mechanics. The number of cadavers used was extremely 
small; Braune and Fischer used 3 or 5 (the authors statements are 
contradictory), and the number used by Harless is unknown. The 
cadavers were those of adult males; there is no indication of their 
ages or physiques. The figures obtained from both studies are mean 
values without any indication of variation, and they differ signifi¬ 
cantly from eacfcother (Tables 1 and 2). 

It is already clear from the data presented here in brief that the 
material is inadequate. It is impossible to determine the most im¬ 
portant facts of all—in what way these figures may be applied to a 
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Table 1. Relative Masses of the Limbs 
(mass of the entire body = 1) 



Fischer 

Head 

0-0706 

Upper arm 

0-0336 

Forearm 

0-0228 

1 land 

0-0084 

Thigh 

01156 

Lower leg 

0-0527 

Foot 

0-0179 

Trunk 

0-4270 


Harless 

00712 
00324 
00181 
0 0084 
01118 
0 0439 
0-0183 
0-4630 


Table 2. The Distances of the Centres of Gravity of the Limbs 
from the Proximal Joint (length of limb = 1) 



Fischer 

Harless 

Thigh 

0-44 

0-467 

Lower leg 

0-42 

0-36 

Upper arm 

0-47 

0-485 

Forearm 

0-42 

0-44 


g ven individual and in what ways they may vary for persons of 
different sex, age and body structure. Finally, they beg the most 
impoitant question of all—to what extent the relationships that 
hold true for cadavers are characteristic of live subjects. 

The primary obstacle to experimental analysis of all these 
questions has until recently been the complete absence of methods 
hich would permit the necessary measurements to be made on 
living subjects. It appeared to be an impossible, business to weigh 
i mg human being, as it were, piecemeal. It was only after the 
author of this paper together with O.Salzgeber and P Pavlenko 
solved expenmentaHy the auxiliary problems which were most im¬ 
portant for this purpose that It was possible to proceed to the study 

! ' ie , We,ght f and the centros of gravity of the limbs of living sub¬ 
jects by employing the ideas of Scheldt and Hebestreit. It is im- 

J^“' b ? ° , pr , es . ent jn thls cha Pter even a brief account of the com- 

£ “ dC lCate meth ° d erapIo >' ed b y th e author and his col- 
eagues f or measurements of this type. Tt can only be said that the 

the vo e .uT atC " rdated *° thC p,animetric measurements of 
the volumes and volume moments of the limbs of the body and to 
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the weighing of the subject in numerous carefully determined con¬ 
trolled positions on special twin-support scales (see Fig. 12). From 
analyses of the figures obtained in this way and by comparison with 
data obtained from the most accurate microscopic examination of 
photographic plates of the positions assumed during the weighing, 
data on the locations of the centres of gravity of the limbs and on 
their masses could be obtained. 

An analysis was undertaken of material obtained from 152 sub¬ 
jects of both sexes with an age range of 10-75 years. This study did 
not include investigation of the locations of the centres of gravity 
of head, hands or feet such as were determined by Braune and 
Fischer; rather, we investigated the locations of the centres of 
gravity of the upper arm, forearm, thigh and lower leg and the 
masses of all the major limbs of the body. The locations of the 
centres of gravity of the trunk and of the body as a whole were also 
included in the program of investigation. 

I append below some of the data from the results we have 
obtained. 

The mean values of the radii of the centres of gravity of the long 
limbs appeared to be much closer to those obtained by Fischer 
than to those by Harless (I term as the radius of the centre of gravity 
the distance from the centre of gravity to the centre of the proximal 
joint with the length of the limb taken as a unit). We may recall 
that Fischer’s material was obtained on 3-5 subjects, while our 
material provides information on about 150 persons; because of 
this the reliability of the present data is many times greater than 
that of the old figures. I append a list of the means we obtained for 
comparison with those obtained by Fischer (Table 3). 


Table 3. The Radii of the Centre of Gravity 



From our data 

According 
to Fischer 

Mean value 

Mean square 
deviation 

Thigh 

0-3880 

± 0-0332 

0-44 

Lower leg 

0-4175 

±0-0224 

0-42 

Upper arm 

0-4746 

± 0-0338 

0-47 

Forearm 

0-4145 

± 0-0309 

0-42 


In the material as a whole, therefore, only in the case of the thigh 
does a significant difference from the position determined by Fischer 
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occur, but the second column of figures in Table 3 is of much 
greater importance indicating that the spread of the data, in other 
words the variation, is considerable. If we take the mean square 
deviation as a measure of the variation, it appears that the over¬ 
whelming majority of cases fall between the following limits. 

Thigh 0-3548-0-4212 

Lower leg 0-3951-0-4399 

Upper arm 0-4408-0-5084 

Forearm 0-3836-0-4454 

These variations are comparatively insignificant. The deviations 
found with sex of subject, contrary to expectation, do not signific¬ 
antly affect the values of the radii obtained as Table 4 shows. 


Table 4. Radii of the Centres of Gravity of the Limbs (in men and women) 


Men 

Women 


Mean 

value 

Variations due to 
the mean square 
deviation 

Mean 

value 

Variations due to 
the mean square 
deviation 

Thigh 

0-3857 

0-3543-0-4171 

0-3888 

0-3534-0-4242 

Lower leg 

0-4130 

0-3942-0-4318 

0-4226 

0-3983-0-4469 

Upper arm 

0-4657 

0-4394-0-4920 

0-4840 

0-4484-0-5196 

Forearm 

0-4124 

0-3850-0-4398 

0-4174 

0-3835-0-4513 


In the first place, it is apparent from this list that sex differences 
have very little effect on the radii of the centres of gravity. Generally 
speaking, the radii are slightly longer in women, that is, the centres 
of gravity lie closer to the middle of the limb and in the case of the 
upper arm they sometimes lie even lower which is almost never 
observed in men. In the second place, the indication in the first 
table of the great variation of the radii as encountered in practice 
is confirmed. Even if Fischer’s figures, for example, those for the 
upper arm, closely coincide with our mean values (0-47 and 0-4746), 
it is possible to employ them in calculations, given the probability 
that for the overwhelming majority of subjects the values of the 
radius for the upper arm may vary in men between 0-44-0-49, and 
in women between 0-45-0-52. Figure 13 provides a picture of how 
the distribution of the values of radii of the forearm appear for men 
and women. 
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There are only two possible paths to choose in order to analyse 
this chaos of variations. Either we may resign ourselves to measur¬ 
ing with the complex techniques we have develope devery new 
subject with whom we deal—or we may attempt to find such 
anthropometric and structural correspondencies (correlations) as 
will enable us to determine with sufficient accuracy the probable 
radii of our subjects on the basis of their general habitus and 
anthropometric data. It was this latter which we set as the objective 
of our investigations. 

If we now turn to the masses of the limbs of the body, we may 
say that in this respect the data of Fischer and Harless were even 
more unreliable. The massive sample of material we examined gives 
an entirely different picture,* even if we consider only the mean 
values obtained quite independently of any variation (Table 5). 


'able 5. Relative Masses of the Limbs (mass of the body as a whole = 1) 



Our Data 

Mass according 
to Fischer 

Men 

Women 

General 

mean 

Ratio 

M/W 

Thigh 

0-12213 

0-12815 

0 12485 

0-948 

0-1158 

Lower leg 

0 04655 

0-04845 

0-04731 

0-961 

0-0527 

Foot 

0-01458 

0-01295 

0-01313 

1-126 

0-0179 

Upper arm 

0-02655 

0-02600 

0-02632 

1-021 

0-0336 

Forearm 

0-01818 

0-01820 

0-01819 

1-000 

0-0228 

Hand 

0-00703 

0-00550 

0 00642 

1-279 

0-0084 


The following interesting circumstances may be observed from 
Table 5. In the first place Fischer greatly overestimated figures for 
all the extremities of the limbs except the feet. In fact, the masses 
of all these extremities of the limbs are much smaller than is re¬ 
presented by these figures, which have been for 40 years the only 
data available on the question of the distribution of masses in the 
human body. In the second place, we here observe significant and 
characteristic differences between the sexes. The column giving the 
ratio of the mean masses illustrates these differences most clearly. 
Male thighs are significantly lighter than female thighs and lower 
legs and upper arms are almost the same for men and women (it 

* The figures given here are only preliminary and after final revision may 
undergo small changes. 
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CHAPTER II 


THE PROBLEM OF THE 
INTERRELATION OF CO-ORDINATION 
AND LOCALIZATION 

(Published in Arch. biol. Sci., 38, 1935) 

1. The Basic Differential Equation of Movements 

The relationship between movements and the innervational im¬ 
pulses which evoke them is extremely complex and is, moreover, 
by no means univocal. I have already undertaken an analysis of 
this relationship in a series of previous studies [8, 9, 14, 15] and for 
this reason I shall present here only a short summary of such state¬ 
ments as may be regarded as firmly established at the present time. 
The main object of this summary is to serve as an introduction to 
a further discussion. 

The degree of tension of a muscle is a function, in the first place, 
of its innervational (tetanic and tonic) condition E, and, in the sec¬ 
ond place, of its length at a given instant and of the velocity with 
which this length changes over time. In an intact organism the length 
of a muscle is in its turn a function of the angle of articulation a; 
for this reason we may write that the momentum of a muscle with 
respect to the joint is 

*-*(**£). 0) 

On the other hand, we may assert that the angular acceleration 
of a limb controlled by a given muscle is directly proportional to 
the momentum of the muscle F and 
moment of inertia of the limb 7. In tl 

d 2 a = F 
d t 2 ~ I 
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If (here are other sources of force than the muscle operating on 
the limb, the situation is a little more complicated. Let us limit 
ourselves for simplicity to only one external force, namely gravity. 
In the simplest case which we have just described, where we are 
considering the movement of a single limb segment in relation to a 
second fixed one, the momentum due to gravity G is, like the mo¬ 
mentum of the muscle, a function of the angle of articulation * 

G = G{ a). (la) 

The angular acceleration of the limb segment under the influence 
of both momenta together is expressed by the equation 

d 2 « _ F + G 
dr 2 / 

If we introduce into this equation expressions (1) and (la) for F 
and G, we obtain a relation of the following form: 

'l? -'■(*“.£) + <*•>• ( 3 ) 

This is the fundamental equation for the movement of a single 
limb in a gravitational field under the influence of a single muscle 
where the level of innervation is E. In cases where the moving sys¬ 
tem consists not of one but of several limb segments and where 
we are obliged to take into consideration the activity of several 
muscles, eqn. (3) becomes extremely complicated, not only quanti¬ 
tatively but also qualitatively as considerations of the mechanical 
effect of one muscle upon others also enter into the problem and 
the moment of inertia of the system becomes a variable term How- 
ever, in spite of the fact that the complications which arise in this 
case are so great that equations of type (3) cannot always be written 
even in the most general form, the physiological aspects of the 
problem differ only slightly, and the complications essentially in¬ 
volve only the mathematical and mechanical aspects of movement. 
For this reason in the present context we may limit ourselves only 
to the consideration of the most simple equation (3). 

This basic equation is a differential equation of the second order 
which may be integrated if the functions Fand G are known. Solu¬ 
tions of an equation of this type, that is to say, the determination of 
the movement which will take place in each given case, will be 













Fig. 2. One of Marey’s subjects in a black costume with white tape. 



I ig 3. Chronophotograph of walking taken by Marey. Movement is 
fiom left to right. The frequency is about 20 exposures per sec. 





Fig. 4. Chronophotograph of walking taken by Braune and Fischer. 
. Right side of the body; movement is from left to right. The square in the 
centre of the picture is a superimposed scale. Frequency—26 exposures 

per sec. 















Fig. 6. Bulbs used for cyclography, placed on a millimetre grid so that 
their dimensions may be gauged. (Left) a Wolf socket; (centre) a Wolf- 
Bernstein bulb; (right) for comparison, the type of bulb commonly used in 
pocket flashlights. 


Fig. 5. Cyclogram of walking (Bernstein and Popova). Left side of the 
body; movement is from right to left. Trajectories from top to bottom: 
c, centre of gravity of the head; b, shoulder joint of the left arm; a, 
elbow joint of the left arm; m, radial side of the wrist joint of the left hand; 
gm, centre of gravity of the wrist;/, hip joint of the left leg; <p, a point on 
the longitudinal axis of the left thigh; s, knee joint of the left leg; s', 
knee joint of the right leg;/», ankle joint of the left leg; n, a point near the 
end of the foot. Frequency—90 exposures per sec. 


Fig. 7. Camera with rotating shutter, equipped with a siren so that its 
velocity of rotation may be estimated. In a later system used by the author 
the rotating shutter is semi-transparent; this provides faint lines on the 
cyclogram, uniting successive points on the same trajectory. 










Fig. 9. A kymocyclogram of filing. The figure of the subject is visible at 
the top of the illustration, with a standard cyclogram of a single cycle 
of the movement of filing. This can be seen to be quite unanalysable. 
•Below is a series of curves of the same movement, separated by being 
photographed on a moving film. K, a control bulb; E, the elbow joint; 
H, the radial side of the wrist joint; F, the fingers of the right hand; F\ the 
fingers of the left hand. Frequency—73 frames per sec (1923). 




Fir,. 10. Apparatus for mirror kymocyclography. The subject is operating 
a Powers perforator. On the left we have a mirror with a scale and the 
serial number (1929). 






f 




Fig. 12. An experiment on the determination of masses and the centre 
of gravity of the limbs by Bernstein’s method. The subject lies in a pre¬ 
determined position on a platform supported at two points, the placement 
of the head and the lower extremities being determined by upright boards. 
At the end the platform is fixed upon a fulcrum, at the lower extremity 
it is supported by one of the pans of accurate scales. The asssistant 
balances the static moment of a given position of the scales, the position 
being photographed at the same instant on a predetermined scale. 



t 
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Fig. 13. Distribution of the values for the radii of the centres of gravity 
of the forearm from data obtained by the author and his colleagues. 
Above: the limits for men; below: those for women. The values of 
relative radii are plotted along the abscissa. The number of cases ob¬ 
served is plotted along the ordinate. 
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different depending on the so-called initial conditions of integration: 
that is, the initial position of the limb segment determined by the 
angle <x 0 and on its initial angular velocity dot 0 /dt. By altering these 
initial conditions in various ways we may obtain very different 
effects of movement from one and the same governing law (3), i.e. 
for the same functions F and G. 

It must first of all be noted that eqn. (3) directly bears on the 
cyclical character of the relation between the momentum of the 
muscle Fand the position of the limb a. The limb segment changes 
its position as a result of the operation upon it of the momentum 
of effort F and this momentum in its turn changes because of the 
changes in the angle a. A cyclical chain of cause and effect operates 
in this way. 

This chain would be ideally cyclical if the momentum (eqn. (1)) 
depended solely on a and da/d t, that is, if the movement were com¬ 
pletely passive (for example, the falling of the arm). But, as in eqns. 
(1) and (3) given in this report, the value of F also depends on the 
degree of excitation of the muscle E, which appears most clearly 
from the areas lying outside the circle which we have just described. 
It is apparent that there are two possibilities here; either the degree 
of excitation E depends wholly or partly on the values of a and of 
da/dr, or it is quite independent of them and is solely a function 
of time t. 

The choice between the two possibilities indicated here is clearly 
of great physiological significance as may be revealed with sufficient 
clarity only by further discussion in this chapter. At the moment I 
shall only indicate some of the consequences of each of the hypo¬ 
theses we have raised. 

If the degree of excitation E is simply a function of position and 
velocity and not a function of time, then eqn. (3) will take the form 
of a classic differential equation, 

/ — = F F («, —) , a, — J + G(a), (3a) 

the partial integrals of which depend only on the initial conditions. 
In this case, consequently, a movement must occur if the required 
initial conditions are fulfilled (from without), and once having begun 
it must proceed with the same uninterruptable regularity with which 
a string will oscillate if displaced to a precisely determined initial 
position and then released. It is clear that this hypothesis does not 


CUM 2 



18 


Co-ordination and Regulation of Movei !s 


correspond to physiological reality and in effect completely ignores 
the role of the central nervous system. 

On the other hand, it may be supposed that the degree of excita¬ 
tion E is a value which changes with time and depends entirely on a 
predetermined sequence of impulses from the central nervous sys¬ 
tem without any relation to the local conditions operating in the 
system of the moving limb being studied. If, as in the hypothesis 
formulated above for the elastic oscillation of a string, the muscle 
can be compared to some sort of independent spring or rubber 
band, then in the second hypothesis it may be represented as a sort 
of solenoid which attracts its core solely in relation to the potential 
of the current which is supplied to the coil from an external source. 
The law of the variation in this current must be represented in the 
system of eqn. (3) as a function of time; in fact, whatever may be 
the real causes of these changes, the changes themselves are pre¬ 
sented to system (3) in a completely finished and independent 
form as quite unalterable data. Equation (3) in this case takes on 
the form 

7 4 “ = 4 E(t ^ a ’ “ 1 + G ( a > > ( 3b ) 

d 2 t L d* J 

which does not permit of any concrete solution. 

It is important here to draw attention to the following. In spite 
of the fact that the degree of excitation E, as has been hypothesized, 
is independent of a and of da/df, the momentum of the muscle F 
is dependent on them as before. Meanwhile, as we have shown 
above, the operation of this momentum, that is, the entire picture 
of the course of a movement, will vary with the initial conditions 
which in no way enter into the expression for the degree of excita¬ 
tion E and consequently do not in any way affect the course of its 
changes in time. It follows from this that the general results of 
interactions from eqn. (3b) cannot be foreseen or regulated in 
advance because the changes in excitation will be involved in the 
interplay of forces and dependencies which can in no way alter the 
further course of these changes following a fully independent law. 
Movements which are regulated according to the law (3b) will 
necessarily be ataxic. 

And so we are left with the hypothesis that the excitation of a 
muscle E must be both a function of time and a function of position 


19 


Co-ordinai and Localization Problems 
and velocity, and must be described in eqn. (3) in the form 

•l?- '['('• *£)-*-ir] + (3c) 

This purely analytical deduction of the functional structure of 
muscle excitation permits of exceptionally simple translation into 
physiological terms. The dependence of the variable E on time, 
proceeding from the absurdity of the opposite hypothesis (3 a), 
underlies the necessity for the changes in excitation which are 
directly effected by the activity of the motor areas of the central 
nervous system. The dependence of the excitation on the position 
of the limb a and its angular velocity da/d t is the proprioceptive 
reflex so well known in physiology. It necessarily follows from the 
preceding analysis that both position and velocity directly and in¬ 
dependently influence the changes in the degree of excitation of the 
muscles, and in reality both these effects have been subjected to 
precise physiological investigation. 

Turning to clinical evidence we may say that (3 a) is the equation 
of movement for an extremity in a case of central paralysis and that 
(3 b) represents the equation of movement in a case of proprioceptive 
ataxia. 

In this way we have stated in the basic equations of movement a 
superposition of two cyclical connections of different orders and 
related to different topics. The first cyclical connection is the mutual 
interaction of the position a and the momentum F, and exists purely 
mechanically as has been pointed out above. The second connection 
constructed on the first one, is a similar interaction between the 
position a (and also of the velocity) and the degree of excitation E\ 
this connection is effected by means of systems of reflexes and is 
related to the activity of the central nervous system. 

The principal significance of the general conclusions examined 
above may easily be deduced. The customary older representation 
implicitly accepted and, until the present, retained by many physio¬ 
logists and clinicians, describes the skeletal link as being completely 
passive under the control of the central impulses and as being 
unequivocally subservient to these impulses. In this scheme the cen¬ 
tral impulse a always produces movement A, and impulse b always 
produces movement B, from which it is easy to proceed to a re¬ 
presentation of the motor area of the cortex as a distribution panel 
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with push-buttons. However, eqn. (3 b) indicates that one and the 
same impulse E(t) (ignoring the periphery) may produce completely 
different effects because of the interplay of external forces and 
because of variations in the initial conditions. Equation (3c) shows, 
on the other hand, that a determinate effect is possible for a move¬ 
ment only in a case where the central impulse E is very different 
under different conditions, being a function of the positions and the 
velocities of the limbs and operating very differently in the differ¬ 
ential equation with various initial conditions. Parodying the well 



Fig. 14. A semi-schematic representation of the course of a single central 
impulse during a rhythmical movement. A, the non-rhythmical curve of 
changes in external forces; B, the summed rhythmical result; C (hatched 
area), an impulse bridging the gap between the curved and the result B. 

known tag on nature we may say that mote parendo vincitur 
(movement is conquered by obedience). 

It must be pointed out, finally, that the external force field does 
not consist of the force of gravity G(jx) alone aim it may even occur 
that this latter expression does not enter at all into the basic equa¬ 
tion in such a simple form. Because it necessarily affects the position 
and the velocity of a system, and because in the norm these latter 
affect the changes in E, we may say that the parendo of the central 
impulses must sometimes go to great lengths. It is obliged to adapt 
to all internal and external forces operating in the system while 
forces which do not directly depend on the operation of the impulse 
E may frequently play a decisive part in the general balance of forces 
affecting movement. In such cases (Fig. 14), if for a given movement 
the required changes of forces at the joint are represented by the 
curve B and the resultant forces in the external field are represented 
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by the curve A, then the central nervous system will be obliged to 
provide only the additional fraction C so that the sequence of im¬ 
pulses cannot maintain even a remote correspondence to the con¬ 
tours of curve B and frequently even less correspondence with this 
curve than to the changes in the external field A. These supplementary 
compensatory impulses sometimes appear in an indirect way from 
cyclogrametric observation. 

And so, not to enter into details discussed in the studies men¬ 
tioned above, it may be said that: 

(a) a unequivocal relationship between impulses and movements 
does not and cannot exist; 

(b) the relation between impulses and movement is the further 
removed from unequivocality the more complex is the kinematic 
chain operating in the movement under consideration; 

(c) movements are possible only under conditions of the most 
accurate and uninterrupted agreement —unforeseen in advance —be¬ 
tween the central impulses and the events occurring at the periphery, 
and are frequently quantitatively less dependent on these central 
impulses than on the external force field. 


2. The Integrity and Structural Complexity 
of Live Movements 

In the treasury of experimental physiology there are vast collec¬ 
tions of experimental observations and facts characterizing the 
course of single impulses or of the more simple patterns of impulses. 
There are most detailed studies of all aspects of excitation, inhibition, 
parabiosis, chronaxie, and so on, for a single nerve pathway. How¬ 
ever, we have up to the present only two major advances along the 
lines.of investigation of the total or systemic operation of impulses: 
Sherrington’s principle of reciprocity and A. Ukhtomskii’s principle 
of dominance; But even these groups of data are very far removed 
from the areas we touch upon—the problems of the study of struc¬ 
tures of movements as integral formations. 

It is, however, precisely this integration of movements that is the 
most important feature implied by “motor co-ordination”. The 
fact of this integration may be investigated in many experimental 
situations and significant connections and correlations are observed 
in all these cases between the various components of the integrated 
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processes. The simplest and most easily observed phenomenonin 
this category is the appearance of gradual and smooth redistribu- 
tion of tensions in muscular masses, which is particularly clearly > 
expressed in cases of phylogenetically ancient or highly automatized 
movements. A muscle never enters into a complete movement as an 
isolated element. Neither the active raising of tension nor the con¬ 
comitant (reciprocal) inhibition in antagonistic subgroups is mthe 
norm, concentrated in a single anatomical muscular entity, rather, 



Fio. 15. Circular movements made with the arm extended in variousposi- 
tions are accomplished by completely different innervational schemes 
for trajectories of the same type. 

there is a gradual and even flow from one system to others. I shall 
suggest a short experiment; stretch the arm out anterolaterahy an 
describe a great circle with the hand as shown in Fig. 15, and then 
find out by means of anatomical analysis how the change in muscu¬ 
lar innervation and the process of inhibition of the antagonists are 
accomplished during this movement. Exactly the 8toe process ot 
gradual transfer of innervation may be clearly observed in any 

* The concept of antagonism may. be applied unconditimiaHy otily to cases 
of muscles operating on joints with a single axis and, further, to those which 
cross only this one joint. The number of muscles of this type is extremely smaU, 
in the skeletal extremities we find as examples of this type only m. br ^ h,abs 
intcrnus, m. pronator quadratus, the short portion of m. triceps brachii^ and 
m vastus femoris. All other muscles may be only functionally antagonistic in 
a single situation and in quite different relationships in other situations. 
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plastic movements; with more «uratemeant, of registration this 

may be observed as a above Seven more clearly demonstrated 
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fo'rmouS of three or four harmonic oscillations, the so-called 
Fourier trigonometrical sums: 

, - A, + A, sh3 (t + «‘) + 4. sin (< + «*> 

+ 4, sin (I + 6 s ) + - <4) 

The rapidity of convergence of these sums may be seen from the 
numerical examples of Table 7. 
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Table 7 


Absolute amplitudes 


Walking 


Relative amplitudes f 
(A, = 100%) 


A t cm cm /t 3 cm A^cm A 2 % A 3 % /<*% 


Longitudinal displace¬ 
ment of the point rn8 . .74 

of the foot 38-50 9-09 0-80 0-67 23-6 2 08 1 74 

Longitudinal displace¬ 
ment of the centre of 

gravity of the whole - ,. ,, . QS n .n 3 

* 7-60 0-8 ! 0-15 0-07 10-65 1-98 0-92 


Longitudinal displace¬ 
ment of the center of 
gravity of the whole 
leg 14-47 


1-22 0-49 0-22 8-42 3-39 | 1-52 


The fact that such an interpretation is possible is of great im¬ 
portance to the question under discussion. If one complete cycle of 
a movement lasts for 1 sec, and in this case may be represented with 
an accuracy of within 1-3 mm as the sum of three sinusoids, this 
means that all the details of this movement must have been organized 
with the required degree of accuracy a full second beforehand. 
Further, its period being known, the sinusoid is detlrmined by two 
parameters, that is, it can be determined from two points. The sum 
of four sinusoids may thus be theoretically determined from eight 
points; in other words, it is possible to reconstruct from a small 
section of a movement of the type which we have represented to 
within a fraction of one per cent in the form of the sum of four 
sinusoids, the entire movement as a whole with the same order ot 
accuracy. This experimental fact is evidence acitSHipst cogent form 
of the organizational interaction and mutual reciprocity of 
rhythmical movements in time, while the mutual interdependence 
between the elements of the movement which I studied (ot 
striking with a hammer) suggests a similar interaction in terms ot 

spatial components. , ., 

If the external expression of co-ordinational activity provides a 
picture of such a high degree of reciprocity and interrelatedness, 
then, on the other hand, its anatomical structure in terms ot our 
present knowledge also displays a picture of no less highly organ- 
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i7ed complexity The extreme variety of clinical studies of dam- 

W&mm 

Path0 Sf^«““r^tt. dS aLit, in the norm « 
55r of Bianchi, Brown, 

physiology of movement * A brief summary of what these authors 
have uncovered in areas directly bearing »" otjeemes of th 

report would be approximately as follows. An impulse reachg 

dates in a muscle from the centrifugal fibre of the last 
”fs P .r^nnant of a whole series of separate c^alrm- 
pulses which reach the synapses of the anterior horn » 
pathways Among these latter we must recognize the signihea 
innervational independence of pyramidal 

soinai tract) and the combined impulses from the stnopamoai 
g ™" ps of nuclei (c. stria,unr-gl. pallidus-nuclmts rnbnMr. 
spinalis) which are found in close co-operation with centres 

whosl functional relationships are less apparent (substantia mya 
Dark-schewitsch’s nucleus, corpus Luysi, and s° ^entnpe 
proprioceptive impulses give rise to answering effector impulses 
from'the cerebellum and from other many stations related to 
spinal cord through the quadrigeminal system. Finally, the d 

* Bianchi, The Mechanism of the Brain,^, 

7. Physiol. 10,103; Dup *, Revue g es. 

stein, Deutsche ^rHomberger, Ztschr. ges. Neurol. 

N p e s7ct ■*£ Arch. f. Psychiatric 69; Jac’ob, Ztschr. ges. Neurol. Psych. 89; 
K.S.Lashley, Brain 41, 255; et al. 
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cisive role in the production of a movement must be referred not to 
a centrifugal but to a central-informational system (an older physio¬ 
logy would have termed this “commissural-associative”) inter¬ 
playing along the lines of the frontal pontocerebellar pathways. 

It would be possible to list the general characteristics of the 
functional peculiarities of each of these anatomical stations (often 
the details given by different authors are contradictory), but this is 
not my aim at present. It is important here to point out a single 
peculiarity which is common to all these characteristics and which 
has been stated as an undisputed fact for the last 20 years. 

All the clinical observations noted above, as well as those of many 
other authors, agree on the position (quite foreign to the ideas of 
physiologists of the last century) that these central nervous sub¬ 
systems have one and the same object of excitation at the peri¬ 
phery—the same muscles and most probably the same peripheral 
conducting pathways. The idiosyncracies and differences in the 
operations of the pyramidal, striopallidal, cerebellarjand other 
systems lie not in differences and peculiarities in the peripheral ob¬ 
jectives on which they operate but solely in differences in the forms 
of influence exercised on these objectives. The pallidum is concerned 
with the same musculature as is the brain cortex; it is not the ob¬ 
jective but the manner of excitation which is specific. None of the 
data from contemporary physiological investigations contradicts 
the reliability of the fact that, for example, both flexi on and extension 
in any single-axis joint can be achieved through both pyramidal and 
the striopallidal systems; both these systems may and do give the 
effect of reciprocity. In “gross pathology” this is carried out sepa¬ 
rately and in the healthy norm both systems in some way co¬ 
operate in a rhythmical process. As accounts of the way in which 
this co-operation may be effected we have in the literature many 
observations, impressions, and deliberations which are often quite 
persuasive and in many cases not contradictory. What is common 
to all these descriptions is not in general important; what is im¬ 
portant, with the object of a formal examination of material, is the 
general tendency found in all of them—the recognition of the com¬ 
mon presence in all cases of the qualitatively peculiar operation of 
central subsystems on one and the same peripheral objects. 

Closely related to these considerations is the currently established 
picture of the multiplicity of projections of peripheral organs m the 
central nervous system. Along the lines of the exceptionally detailed 
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of linked equivalence to) a senes of impulses which have very dine 


No sensory monlh,f of . 
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ent points of origin in the brain. Each of these impulses arises in a 
separate area in the brain that is distinct from other centres. Each 
of these centres has its particular interrelationships with other centres 
in the brain, its own conducting pathways, a particular degree 
of relationship with and form of connections to the receptors, and, 
finally, as clinical practice in nervous disorders shows, its own mode 
of operation in time and its own particular means of interaction. 
The difficulty of co-ordinating all these facts is very great indeed as 
I shall attempt to demonstrate. If the impulse E were to follow the 
pattern in eqn. (3b), that is to say if it had the form E(t), it would 
not in principle be difficult to represent a series of independent 
sources (a very high degree of agreement between them being im¬ 
plied) which would ultimately unite in a single common path of a 
motor nerve and transmit the result of their common action E(t) 
through it to the end plate. In exactly the same way it would not be 
difficult to conceive of the possibility of multiple action of impulses 
in a case where the actual form was (3c). that is, E(t, oc, do/dt), if 
each of the separate impulses had its own particular object of ex¬ 
citation at the periphery (in the form, for example, of a particular 
muscle which was controlled by it alone). If we suppose, for example, 
that control of a flexor group at a joint is concentrated in the 
centre A and control of the extensor group of the same joint in 
centre B while the proprioceptive connections secure the possibility 
of either centre being able to react to « and to da/df, then the mech¬ 
anism in this case would be merely quantitatively and not quali¬ 
tatively difficult to comprehend. The actual situation—that is, a 
system of impulses without unequivocal correspondence to the move¬ 
ment, and controlled by proprioception, being sent to the ob¬ 
ject from a number of sources—is one which does not permit us any 
simple escape from the question. The sole (apparent) possibility of 
explanation for a structure of this type lies in referring the pro¬ 
prioceptive “perception” to only one of the effector centres of the 
brain, for example, to the cerebellum, and supposing that the other 
effectors function purely according to type £(/)• The mathematical 
expression of such a structure might be regarded in the following 
way: the summed impulse E is made up of a series of central im¬ 
pulses £ lt E 2 , E 3 ,... 

e(/, «, ^ = Eft) + Eft) 4- - + £ » (*’ -^r)' 


(5) 
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However this combination appears to be unacceptable5 for- a 

‘he case and «££<* 
theTo-ordination centre E„ the possibility the sec- 

sHiisssIg 

clear that the presence of two effector centres responding to 

movements. It is already apparent that eqn. pc)» qnded Serent 
cally, display varying degrees of independence, then the resulting 

sir: 

quently defers the moment of its solution. 


3. The Interrelationship between Co-ordination and Localization 

The discussion in the preceding sections has already largely re¬ 
vested the close connection between problems of co-ordination and 
localization It is clear from all that has been said above that no 

nuaice of a single impulse [£«]can serve asan 

cimnipst case of repeated accomplishment of automatizing 
movements, and still less as an explanation of the involved com¬ 
plexity of natural movements carried out by many muscles, each 
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of which involves control from many centres. To digress: at the 
beginning from the indubitable presence of functional “inter¬ 
departmental” connections between brain centres which organize 
these latter into hierarchical order (Uber- und Unterordnung), the 
following innervational scheme for effector impulses will be ob¬ 
tained (Fig. 17). It is clear that co-ordination is determined not so 
much by differences in the effect of each of the impulses Aa, Ab ,..., 
Ba, Bb ... taken separately, but also by the systematic modes of 



Fig. 17. The multiplicity of efferent pathways for the control of six 
muscles a, b, c, d, e, /, by five effector centres A, B, C, D, E, gives, even 
in this intentionally simplified case, a complex structural scheme of 

innervation. 


their common operation and joint effect. The term co-ordination 
hints at the common action of separate elements. The solution to 
the problem of co-ordination lies not in analysis of the tonal and 
expressive resources of a single instrument in, an orchestra but in 
the technical construction of the score and in the mastery of the 

conductor. . 

The basic guiding thesis for investigations of co-ordination must 
for this reason be formulated in the following way. Co-ordination is 
an activity which guarantees that a movement shall have the hoino- 
geneity, integration and structural unity which has been described 
above. This activity is principally based not on particular processes 
in individual neurons, but on the determinate organization of their 
common activity. This organization must necessarily be reflected 
in the anatomical plan in the form of localization. 

This seems to me to be an extremely expedient way of formulating 
the question. On the one hand, organization and the forms in which 
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i, exists must inevitably be 

localization. In *!“ Scheldt some idea as to the nature of 

of a diagram localization-anatomical type may serve 

its function, so data of the localization an of the new 

at least as 

expenmentalproblernslh p tf a smicMral analysis of 

ISoS^demb^^of^ 
and future conceptualizations of ttie^ ^ 8 £ jadon in which i 0 - 

5S2S2&TS-1 be found to contradict structural 
organization. must not in any way 

interrelationships between these functional po • n 

which are extrem y have exact i y the same structure for 

grams (a) and (d) have the same topo- 

different topopaphtes schemes W ^ w hicb obsess ed our 

graphy but different structures. Th P retinal image, 

physiological forefathers, that of the inversion oi mere 
and in particular whether this inversion is transmitted m exactly 
SfsTe way to the cortex, aud if so, »ow « » co^aKd ^ 
nears to us now to be childishly simple-minded. We still rememoe 
Tow some of their contemporaries hypothesized to explain the 

matter^lhaUhe sou, was located in the brain 'sotds'have 

with nut however determining more precisely whether souis n 

feet Nowadays we hypothesize with great faciU fJ^^Ve^a 
plex transpositions of elements in the "^"““es from this 
on the cortex without experiencmg structural MMies “T 
fact; indeed, in a central telephone station, for exampl , 
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have to worry whether the commutator links for subscribers from 
the northern and southern parts of a town are located respectively 
at the northern and southern ends of the switchboard. However, 
this old question permits of new and less childish formulations; t 



Fig. 18. Three diagrams for two-tube audio-frequency amplifiers. Dia¬ 
grams (a) and (b) (a single-cascade push-pull block) are identical in all 
details; that of (c) (a double-cascade amplifier with transformers) is very 
different in principle from the other systems. 

are there, nevertheless, limits to this type of transposition? And if 
such limits exist, what are the borders which separate transpositions 
that do not change structure from transpositions which inevitably 
destroy structure? An analysis of the problem when framed in this 
way shows us first of all that different structural schemes may show 
different degrees of tolerance to transpositions, but this aspect of 
the problem will be developed a little later. 

Thus, in the problem of localization what is important for our 
purpose is not precisely where in the cortex one or another peri¬ 
pheral object or function is reflected, but what is represented, and 
how, and what are the distinguishing characteristics of those objects 
represented in the cortical hemispheres and in subcortical centres. 
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Topographical problems are for the most part clearly unrelated to 
the analysis of the co-ordinational structure of movements, while 
the problems of localization are of paramount and principal sigm- 

^This significance may be very well explained from theexample of 
the old conception of localization which has already been mentione 
in Section 1 P This conception would answer perfectly to reality if 
every'central impulse unconditionally governed a single determinate 
movement, that is, if there existed a one-to-one correspondence be- 
tween impulses and movements. In this case the effector mpulses 
would be able to operate purely as a function of time 23(0. 8™ B 
always one and the same effect independently of what occurred at 
the periphery; the push-button control-board model of the cortex, 
sim£r in plan to an otgan keyboard, wonldbe anggeatedmthe ^e> 
of explanation we employed. But, on the contrary, thi ype 
to-one correspondence does not exist and the cerebral motor area 
organizes responses by deftly adjusting and balancing b^n re 
suftant external forces and the manifestations ofinertia, constantly 
reacting to proprioceptive signals and simultaneously integrating 
impulses from Carafe central subsystems, so that ten successive 
repetitions of the same movement demand ten successivcmpu 
all different from each other; and the presence in the cortex of 
localizations! equipment of the Hitzig 

seem a very dubious interpretation. I would like to recaU here the 
failure in 1923 of the invention of “a symphony of whistles - An 
attempt to convert steam whistles into a musical instrument with an 
organ keyboard failed because any given whistle could not be relied 
upon to sound the same on every occasion, and its pitch would vary 
with the pressure of steam, with the number of whistles sounde4 
simultaneously, with the degree to which the steam-channel wa 
clear, and so on, so that it was impossible to obtain a one-to-one 
correspondence between the keyboard, on one hand, and the t 
quencieS of the tones obtained, on the other. 

It is understood that a statement of complexity, of impracti- 
cality” from our point of view, is not in any sense a decisive argu¬ 
ment for the acceptance or rejection of any physiological hypothesis. 
There is no reason to suppose that physiological structure should be 
maximally rotational from our technico-social anthropomorphic 
point of view. The localizational structure of the cortex according 
to Foerster’s scheme (Fig. 16) does not directly contradict eqn. (3c) 
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with its proprioceptive cycle and lack of simple one-to-one re¬ 
lationships; it only makes the problem of functioning of its cell 
centres extremely difficult. The decisive argument against the 
theory of direct representation of muscular systems on the cortex 
comes from quite another, perhaps unexpected, direction. I present 
this argument in its most general formulation below; here I shall 
employ only one of its partial modifications as applied to a parti- 

cul&r case. . 

Let us suppose that the cells of the gyrus centralis are inreality 

the effector centre for the muscles. Let us further suppose that the 
activity of these cellsmust be (as is inevitable in the given hypothesis) 
sharply different from instant to instant on the multiple repetition 
of a given movement, in relation to changes in the external force 
field and to proprioceptive signals. If we suppose for clarity that we 
may represent each excited effector cell in the cortex as lighting up 
like an electric bulb at the moment when its impulse is transmitted 
to the periphery, then under such an arrangement the effecting of 
every movement will be visible to us on the surface of the cortex as a 
zig-zag discharge. The absence of one-to-one correspondence and 
all the considerations which have been described above as conse¬ 
quences of eqn. (3c) will be obvious in this case because on every 
repetition of a given movement the zig-zag discharge will be 
visibly different. Now suppose that this repetitive movement is an 
automatized act, the realization of a habit of movement, m other 
words, a conditioned motor reflex. From the discussion above it 
follows as an inescapable deduction that the conditioned reflex of 
movement operates each time through a new zig-zag—through new 
cells; in other words, we arrive at the conclusion that the hypothesis 
of cellular localization of muscles necessarily leads to a denial ol 
cellular localization of conditioned reflexes. One of the two chess 
pieces must here be taken, and it is here a very patent question 
which of the two the old-fashioned localizationahst would rather 

I do not for a moment imagine that I can overthrow the old 
localizational concept at a single blow, but it is not possible to 
disguise the fact that it is already threatened in very serious ways. 
The experiments of Bethe [30] and of Trendelenburg on the ex¬ 
tirpation of cortical tissue in monkeys has indicated the pos¬ 
sibility of far reaching compensations and, moreover, the extensive 
investigations carried out by Lashley, experimenting on rats and 
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observing the appearance of compensation and of the re-establish- 
men^f conditioned reflexes for the most varied and topograph¬ 
ically different sites of extirpation, are very persuasive evidence i 
favour of a radical re-examination of the old conceptions. Lashley 
could not discover any clear relationship between the to P°f ap ^ C .f 
loci of the areas he destroyed and the degree to which the condi 
tioned reflexes could be re-established; he found, on the contrary, 
hat ffi«eTa sLng correlation between the time required for 
re-establishment and the quantity of brain substance remove 
vuithmit reference to its locus. These results cause him to favour the 

theory that there is no cortico^eltalar “^""ehj 

in which, it seems to me, he is quite mistaken. His data are extreme^ 
dangerous for the old localizational theory, but they far from 
dfspfovJ the possibility of any form of localization in general 

“hley’s error sets off very well the opposite error made by Gall 
in his time. Nobody now believes that phrenology was doomed to 
failure^because the very principle of cortical 
to be defective. Nobody ascribes its downfall to the f act thatG 
did not localize avarice or ambition to areas m ^ 
located in reality. Gall’s theory was essentially fau^^ 
of the topography he assigned but because of the principles of 
selection underlying those categories for ^ich he thou^ 
could find discrete localizations in the cortex. The categories sug 
nested by Fritsch, Hitzig, Foerster, and others appeared tobem 

physiological and nearer to -e 

impregnated with the moral rationalism of the 18th century, 
appeared, as it were, to be the next approximations to the dis- 
covery of reality. The evidence which has accumulated against 
these Foersterian categories up to the present time musmevia 
lead to their abandonment, but this does not yet threaten the fii 
of the principle of localization in general. It should be recailedt 
immediately after the abandonment of phrenology the idea 
localization also appeared for a long while to ^ comj°mmd unU 
it gradually became apparent that it was possible that the baby had 
been thrown out with the bath water. Now, again, atethedeve P 
ment and establishment of the understanding of conditioned re 
flexes to deny the structural anatomically engraved specificity 
the ^rain would amount to an affirmation that its nature is ab¬ 
solutely beyond knowledge. 
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Our experimental aim at present lies in the correct formulation of 
categories which are really represented in the brain centres. The 
key to this search for the true categories clearly must lie m struc¬ 
tural analysis: of the receptor moment, as it appears in experiments t 
with conditioned reflexes; and of the effector moment, as it appears 
in the co-ordination of movements. 

4. Ecphoria of the Engrams of Movement 

So far I have touched in this report only on those phenomena 
which point to the momentary, extensively structured nature of the 
co-ordination of movements. It appeared important to me to de¬ 
monstrate that a movement could not be understood in terms ot 
some nuance in operation of a single impulse, but that it is the re¬ 
sult of the simultaneous co-operative operation of whole systems of 
impulses, while the structure of this system—its structural schema— 
is important for the understanding of the result. It is only a short 
step from this to the central argument in this report, that the inner¬ 
vation and localization of this structure is in reality not only not 
contradictory to the observable structure of the movements of the 
organism but is necessarily an exact representation of the latter. 
To proceed further it is now necessary to attend to another side of 
the phenomenon, that is, its duration in time. It is necessary to 
elucidate experimentally whether a simple parallelism exists between 
the duration in time of a series of system-related impulses or whether 
there also exists on the co-ordinational time axis the same mutual 
structural interdependence as has been described above for every 
separate moment of force. . 

This formulation of the question may be clarified by the following 
illustration. In order to achieve a given co-ordination at a given 
moment, we have Schema I (for example that illustrated in Fig. Is). 
Is it possible to regard all co-ordinations over all possible durations 
of time as uninterrupted ftmetionings of Schema I, or do they oust, 
and may they be regarded as a sequence of changes of Schema I to 
some other schema, qualitatively different from it (Schema II, and 
then to Schema III, Schema IV, and so on), while the law of the 
transition between the schemas and their order of transition, in its 
turn, has its own determinate structural features? Our factual data 
on this problem are so far extremely scanty but some observations 
may still be made. 
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Firstly, we must turn to the facts described above of the homo¬ 
geneity of a movement and its unity in terms of the interrelations o 
fts parts in space and in time. Having established our mode for a 
SS movement in the form of a three-fonr tern tngono- 
mettic series of the type of eqn. (1), it is possible to Prove beyond 
doubt that this homogeneity also exists in time, and that this par 
ticular homogeneity is indeed not peripheral or mechanical but 
certainly originates in the operation of the centra nervous system. 
This demonstrates that there exist in the central nervo Y 
exact formulae of movement (Bewegungsformeln) or their engrams, 
and that these formulae or engrams contain in some form of bra 
trace the whole process of the movement in its entire course m time. 
We may affirm that at the moment when the movement began 
there was already in existence in the central nervous system a whoe 
collection of engrams which were necessary for the movement to be 
carried on to its conclusion. The existence of such engrams is 
proved, however, by the very fact of the existence of habits of move¬ 
ments and of automatized movements. 

A problem of considerable structural significance now arises. 
Let us suppose that to a given co-ordinated movement Aerecorre- 
spond, in the brain, n engrams by means of which it is ensured that th 
movement will take place with successive ecphoria m a determinate 
time sequence and with determinate tempo and rhythm. All these n 
engrams exist in the central nervous system at any given moment as 
the habit of movement exists, but they exist m a hidden, latent 
form, How are we to explain the facts that, firstly, they do not a 
undergo ecphoria simultaneously but in sequence, secondly they 
do not lose their order of ecphoria, and thirdly, they observe deter¬ 
minate time intervals between ecphoria (tempo) and quantitative 
relationships in their duration (rhythm)? There are here two basic 
possibilities, two “temporal structures”; either (a) each successive 
ecphoria of the engram (or perhaps a proprioceptive signal oi its 
effect at the periphery) serves as an ecphorator for the next engram 
in order; or (b) the mechanism for ecphoria, the ecphorator, lies 
outside &e engrams themselves and directs their order by a hier¬ 
archic principle of Uberordnung. The first hypothesis may te called 
the “chain” hypothesis, the second the “comb” hypothesis (Fig. IV). 

Very weighty considerations may be found to support both these 

hypotheses. The chain hypothesis brings to the fore proprioceptive 
moment, and in this connection it explains independently and satis- 
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factorily the observation of tempo and rhythm referring them to a 
regular synchrony with events occurring at the periphery. Because, 
on this hypothesis, the stimulus for the arousal of each successive 
ecphoria is the existence of the preceding one, it is possible to explain , 
both the maintenance of an order of succession and the impossibility 


Chain 



Fig. 19. Two theoretically possible schemes for successive ecphoria of 
motor engrams a, b, c, d, e and /. 

of separate links being left out of a succession of ecphoria in this 
way. Finally, the hypothesis recommends itself by its simplicity, 
and by the fact that it is unnecessary to postulate any particular 
structure for the ecphorator. 

The arguments in favour of the comb hypothesis are no less 
cogent. The presence in the C.N.S. of “the plan of a movement’, 
the homogeneity of its formula and the homogeneity of the move¬ 
ment itself and of its course from beginning to end does not answer 
to the hypothesis that a movement is fractioned in this way, or that 
there is no guiding principle of succession among elements of the 
chain type other than events at the periphery. We do not see inthis 
case any sign of a guiding principle unifying the whole. Further, if 
we recall the facts discussed above which indicate that the central 
impulses merely adjust to, and compensate for, the external force 
field so that the pattern of the impulses over time may have very 
little in common with the picture of the movement, the comb hypo¬ 
thesis finds a new and important reinforcement. At the same time, 
a glance at Fig. 14 shows that the central impulse C, which is re¬ 
presented by a hatched area (and is entirely unlike the summed 
rhythmical equilibrium B which is finally achieved because of the 
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presence of external discing tees f £ "£& J 

£Sg a, the periphery with the law «*---£• g* “ 

sg££==rH 

have called the gramophone record is the directing engrain, and what 

I have compared to a gramophone motor is the wphorat . 

Ttnth of the hypotheses which we have examined are complete y 
Both of the hypotn ^ ^ ipheral impu i se which we 

in « b di/ 

r:keTdeX^ 

on a and da/df, that is, their proprioceptive relatl0n8 ^> his 

temporal moment of the relationship to t is determined in t 
case*only by the tempo and by the maintenance of each mdmdu 
element of the chain a, b. c (Fig- 19) An 

other hand the dominant relationship is E(t), that is, the i pe 
dent initiative and the regulating activity of the C.N.S., and propn - 
c^tiveeffects merely play the roteof conectors to the gencral^^*^ 
Tt must not be forgotten that the hypothesis of the necessity 
to, rS*tor mechanism which is distinct from the engrams 

—s££2££3=E22 

new terms in the area of the pnysioiogy ui }n the manner in 

dispute of association (Bleuler, Adler) versus a*.onBen*Vm tbern^ 

not deny that the attacks made on the opinions of pure association.^ 
extremely opportune. 
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themselves and is in some sense dominant over them, is not ne¬ 
cessarily related to the comb hypothesis but is necessary in equal 
degree for both hypotheses. Whatever we may ascribe to the re¬ 
gulating engram in the comb hypothesis and to the elementary en- 
grams a , b, in the chain hypothesis they are all alike bound to 
contain in latent form the impulse E in dependence not only on & 
and doc/dt but also on /. It makes no difference whether the central 
mechanisms of tempo—this “gramophone motor”—is related in its 
action to the duration of the physico-chemical intercellular reac¬ 
tions or to some other physiological rhythms;* they must in any 
case exist as some functions which differ from the collection of 
engrams which they activate, because real time cannot be incorpor¬ 
ated in the latter. A decision between alternatives in favour of one 
or other of these two hypotheses, or perhaps in favour of some other 
more complex organizational synthesis which incorporates both of 
them, is a topic for further investigation. At present it is important 
for us to discover what, in principle, is implied in the actual manner 
in which the problem is framed. 

What is important is that the motor image of a movement 
(that has been termed by neurologists “the program of a move¬ 
ment”, Bewegungsformel, Bewegungsgestalt, and so forth) must 
necessarily exist in the C.N.S. in the form of an engram. This di¬ 
rectional engram does not merely exist on the comb hypothesis; + 
indeed, the same fact of successive “stamped-in” connections be¬ 
tween elementary engrams a, b, c, d, e, in the chain hypothesis 
is also the engram in the other scheme, only in this case it is re¬ 
presented by an arrow rather than by a circle; this is the engram 
that determines the law of systematic succession of eephoria and 
that consequently controls it. This motor image corresponds to 
the real, factual form of the movement, that is, to the curve B in 
Fig. 14, and in no way to the curve of the impulse C; it is indeed 
true that its presence makes it possible to control the course of the 
impulse C so that, as a result, a smooth performance of the move¬ 
ment habit B is achieved. Therefore it is necessary that there should 
exist in the supreme nervous organ an exact representation of what 
will later occur at the periphery; meanwhile, the unfolding of the 
activity in the field in the intervening operational stages and the 

* For example, the velocity of the dispersion of waves of excitation through 
the C.N.S., time phenomena related to the interference of these waves, rhyth¬ 
mical heart activity, etc. 
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realization of the imp*. C (which by the arg»~nt 
is accordingly dissimilar to the peripheral effect), must therefore 
also be dissimilar to the contents of the controlling engrain . 
may use the following metaphor: it is as if an order sent by the 
higher centre is coded before its transmission to the pertphery so 
that it is completely unrecognizable and is there again automatically 
deciphered In Section 3 above I have said that the possibility of a 
habit of movement, of the establishment of a conditioned motor 
reflex necessarily implies its unitary localization in the central 
areas,’ and that a unity of this type cannot be related to the theory 
of the representations of muscles in the higher centres of the cortex^ 
The considerations which have just been raised once again oonfim 
this thesis, on this occasion from the point of view of the time 
structure of movements; that level of the C.N.S. in which the 
centrifugal impulse C is formulated and in which we might conse¬ 
quently expect to find a representation of the muscular system l 
lot the supreme level of the C.N.S., but is in fact that level at which 
the elementary engrams n, b, c, ..., etc., of the comb 
located. Between the mechanism represented by the comb hypo 
thesis and the mechanism involved in the case of muscular r - 
presentation we are obliged to insert another process of thecoding 
of the image of the movement and its presentation in the form C. In 
the terms of our equation this coding process is the transformation 
of the relationship E(t) in the pure forni prevalent in the h gher 
level into a full dependence of the form E(t, tx, d«/d t), that is, the 
adaptation of the impulse to proprioception * 

* The formation and development of new habits of m °7 m ' n *’ 
engraphy of conditioned reflexes of movement, also appears to be a struct y 

complex process in the light of the analysis undertaken ,n tins 

iD faCt ^hT 53S5S5 

r^sS^chThavejust described as “coding” 

?iiSSfrit en: 

graphed in those centres in which the muscles are localizationally represented 
■jfdemonstrated by the fact that an acquired habit may exist wh lem- 
corporating very different muscles in various wmbmat.onsAVhena childl 
tn write he can only form large letters, but a literate adult can form either large 
or small letters with equal facility and write either 

etc Apparently the motpr directional engrams are developed, 8“ e [ a1,y ***?* 
ing, later than the auxiliary coding mechanisms and correspond to a h g 
degree of mastery in the acquisition of a habit. 
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In this way, the analysis of the course of a movement in time 
again brings us to a recognition of the structural complexity of an 
act of movement, and consequently also of the complexity of its 
representation in terms of localization. Here, also, the recog "'“° n 
of the necessity for the existence of directional engrams and mech¬ 
anisms of ecphoria demands that we postulate a series of hier¬ 
archical levels, each of them, inevitably, having a degree of quali¬ 
tative independence. 


5. Topology and Metrics of Movements. The Motor Field* 

Tf we now turn from the temporal moment to the spatial it will 
be necessary to touch on two considerations: the distinction between 
the metric and topological properties of physiological space, and 
the peculiarities of the motor field of the central nervous system. 
Because of their fundamental importance these two points should 
really be the objects of separate reports. I will for this reason discuss 
them only as much as is necessary to develop my basic thesis. 

In any geometrical representation we may make a distinction 
between topology and metrics. By the topology of a geometrical 
object I mean the totality.of its qualitative peculiarities without re- 
ference to its magnitude, form, any distortion in its reproduction I 
etc. As topological properties of a linear figure, for example, 
may discuss whether it is open or closed, whether the lines composing 
it intersect with each other as in a figure eight or whether they do 
not intersect as in the case of a circle and so on. Besidesthese 
erties in the determination of which quantitative considerations are 
irrelevant, we may also consider such topological properties as in¬ 
corporate the concept of number, not, however, indudmglflie con¬ 
cept of measure. Among these properties we may ^fer, to example, 
to that of quadrangularity, membership in the group of fi ve ’P^ d 
stars and so on. I shall arbitrarily describe this group of properties 
as t opological properties of the first order while the former may be 

* The term "topology” as used here does not coincide exactly with the strict 
mathematical definition. For lack of a more adequate expression I haveadopted 
this term for the whole of the qualitative characterist.cs of space confi ^ t, °" 
and of the form of movements in contrast to the quant.tative, metric ones. The 
more detailed definition of what is meant here under the term topology will be 
understood from the text. 
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representation do^ot matter. The habitnal 

scheme ort^vhiclTagivmr^hijd'dtar^ nothing moteT* USU3 ^ 

a Xrtif g STn C .roS„“tion we may turn from geometry to 



44 Co-ordination and Regulation of Movement 

psychophysiology. If we draw the attention of a psychologist or a 
teacher to our collection of letter A’s in Fig. 20, he wril immediately 
remark that the whole set displays a common characteristic in terms 
of its essential sign, that is to say without circumlocution, that the 
topological characteristics of a figure are of paramount psycho- 
logico-pedagogical importance in comparison with properties of a 
metrical sort. Our psychologist or teacher will be quite right, because 
the recognition of the letter A does not require the presence of any 
metrical properties and is, on the contrary, entirely dependent on 
the presence of determinate topological cues. This great affinity 
between the process of recognition and topology, which has also 
been noted and studied for some considerable time by adherents of 
Gestalt psychology, is certainly a psychophysiological phenomenon 
and may even be of general biological significance, but m any case 
it cannot be deduced from purely geometrical considerations. The 
biological characteristic of the predominance of topological cate¬ 
gories over metric ones may be pursued in a multiplicity of examples. 
A maple leaf differs from a birch leaf in respect to topological prop¬ 
erties of the first order, while at the same time all maple leaves be¬ 
long to one and the same topological class in spite of all the thorough¬ 
ly investigated biometric variation between separate specimens. The 
structure of the brain and the disposition of the mam convolutions 
of the cortex again provide an example of an object having the 
same topology for all possible metrical variations It is possible 
to say with certainty that in the area of biological morphology 
those cases in which metrics is of importance together with topo¬ 
logy (for example, the lens of the eye) are rare exceptions. This 
overwhelming importance of topology in the case of taM :<*- 
iects should be attentively compared, for example, with the mor 
phology of crystals where the essential relationships are all metric 

^A whole series of biologically important morphological signs 
must unquestionably be referred to topology, although they cannot 
be numbered either in the zero or m the first order. Everychild 
will naturally distinguish between a cat and a dog; the distinction i 
certainly not made on the basis of anatomical considerations such 
as the comparative structure of the claws and the teeth, on whic 

* It may never cross the mind of an anatomist or a topographical anatomist 
that all his life he considers only various topological categories-a new variat.on 
of Molidre’s M. Jourdain! 
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although the analysis of these phenomena has not been carried very 
far One thing may, however, be already affirmed with certainty, 
all attempts to draw distinctions of this type in terms of quantitative 
metrical signs (as can be done, for example, with pitch) are doome 
to failure in advance. It is here necessary to make new discoveries 
in qualitative geometry, but consideration of the perspectives which 
are now unfolding in this direction would be for us at present too 

far from our main goal. . , 

A circumstance of great and immediate interest in the structure 
analysis of movements is the fact that topological peculiarities in 
visual perception display marked similarities to some signs of 
idiosyncrasies in the topology of motor organization So, for 
example, the category of dimension is equally indifferent to visual 
perception and to movement. I find it equally easy to recognize a 
triangle, a star or a letter whether it is presented to me in a large or 
in a small form. The same indifference to the absolute dimensions o 
a geometrical object was demonstrated in dogs by Pavlov and 1 
rrfs by Lashley. In precisely the same way I find it equally easy to 
Saw a star orwritea word large or small, and to do this on a piece 
of paper or on a classroom blackboard. It would be mterestmgto 
makc P a study of the quantitative relationship between the var.atio 
in these drawings and their size; but we may say in any case that, 
whatever the size, they retain their topological P™P« tie * 
of the first but also of higher orders; so, for example, all the charac 
teristics of handwriting which are peculiar to a given person_ whe 
writing on paper are also apparent in writing ^ blackboa ^; 

although, in a word, the entire muscular structure of the movement 

is absolutely different in the two cases. . ... 

Visual perception, however, shows great sensitivity to such co - 
comitantly metric cues as symmetry, a category that_ is a J^ sa 
time completely ignored by the motor ytom. 
the metrical category of extensity is, without doubt, of greater im 

portTnce to the motor than to the visual ^ 

mation of dimension in perception (for example, visually)is always 
ultimately based on deep-seated kinaesthetic assoaations related to 
the field of sensitivity of the receptor. The perceptual and motor 
svstems are to all appearances equally indifferent to the category o 
position in space (right, left, above, below) which « of excephonal 
interest for the structural analysis of localization. In fact Tigur 
which may be placed in the most diverse portions of the visual field 
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These analogies and differences may be pursued to great lengths: 
a study of these and others promises to be extremely f ™dfu • 
present, however, it is necessary only to summarize all that 
been said above about the topological properties of perception and 

m First of all, it may be stated that the totality of the topological 
and metrical characteristics of the relations between movements and 
external space can be generalized under the term motor field, ana- 

logons with the concept of the visual field recognized by psycho- 
logo us W logists . An immediate task of 
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physiology is to analyse the 
\ properties of this motor field. 
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Fig. 21. Cyclogram of a series of 
successive poorly automatized 
movements taken on the same plate. 
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lation” does not, however, in 

destroy topological relationships either of zero order (for ex 
ampJthe category “between") or of the first and perhaps of even 

hl t,me° r ofthe properties of the motor field which we have now 

ass 

movement (for example, drawing a circle large or small, directl y' 
front of oneself or to one side, on a horizontal piece of paper or on 
atr,"lthoard, etc.) demands a quite differs.; 
formula- and even more than this, involves a completely dittereni 
et of musdes in the action. The almost equal facility and accuracy 
with which all these variations can be performed is evidence for the 
fact that they are ultimately determined by one and the same higher 

that thjighejngram, which may be called the engram of a given 
™ dassTali ady structurally extremely far removed (and 

rSTS'aiso probably localizationally 

tremely geometrical, representing a J as an 

SD ace This makes us suppose—for the time Deing me y 
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6. The Principle of “Equal Simplicity 

section 3 above, and to examine its application m tern 
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and no others. The second instrument gives us equally easily all 
variations in radius, but only a single eccentricity, zero, ^uhar to 
circle. The third instrument gives us with equal e as e-atthough in 
absolute terms the process is slightly more complicatedThan inThe 
case of the compass-all eccentricities, but only one radius. A circle 
of the same radius as the template may be drawn by means of a 1 
three instruments but the functional relationship between then 
simplicity and the possible variations in all three cases are qu 
different The type of this functional relationship is determined 
wiVh great accuracy by the scheme of construction of the instru- 

m in mathematical language the preceding example may be pre- 
sented in the following way. We designate the de^ee of amphci* 
(for example the speed with which the task can b^ completed or 
unity divided by the time of completion, etc.) by S, the■ radnwo 
the circle by r and the eccentricity by e. Then, for all our devices, 


S = F(r, e). (6) 

For the template of radius r we have: 

F(r, e) = 0; F(R, O) A 0. (6a) 

£or the compass: 

F (r,e) e *o= 0; F(r, 0 ) = const *0. (6b) 

For the ellipsograph: 

F(r, e) r F{R, e) = const A 0. (6c) 


Equations (6b) and (6c) may be represented by a l, ne , eqn. (6a) 
is the point of intersection of the lines (6b) and (6c). 

Examples are possible in which the degree of simplicity does not 
change abruptly from zero to some final value as in the P re “ 1 8 
case, but changes from one value to another witha cert ^‘ n ^ 1 
continuity. So, for example, in multiplying numbers 'v.th Odner s 
calculating machine the degree of simplicity (or the speedof 
work) decreases in parallel with an increase in the numbeof muhi- 
plication signs and with the number of units involved with each of 
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"'Vn llUhese cases we encounter the same fact, that different struc¬ 
tural schemes may carry out the same set of 

="Ess 

fransitions from one element of the set of possible tasks to another 
which do not result in any change in the simplicity of manipulation 
corresponding to transitions which are most closely related 

^rd^m the following 

principle of equal simplicity: for every system which is capaW 

undertaking a set of different elementary processes of a given rang, 

irpph 

simplicity as being the most general in spite of its lack of concrete 

aS W C e ia ma n y‘extract an heuristicaliy valuable principle from the 
n-^Linn above If we are concerned with any given system, 

in the conditions, we may come to determinate conclusions 
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the structure of the system which are unattainable by direct 
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discovered the secret of an importantZentially) that 
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no difference to it, whereas von Kempelin would have been obliged 
to construct a new mechanical gullet for each new pitch. A rural 
deacon in L. Andreev’s story was brought into an extremely amus¬ 
ing collision with the principle of equal simplicity as applied to the 
gramophone when he could not conceive how the gramophone 
could reproduce with equal ease both a music-hall song and the voice 
of the Son of Man. The principle described proves to be extremely 
fruitful in its application to the structural analysis of the function 
of the central nervous system, both in its receptor and in its effector 
aspects. In section 21 usad a circular movement of the extended arm 
of the type shown in Fig. 15 as an example of the smooth redistribu¬ 
tion of muscle pull. We may return to consideration of the same 
movement from a new point of view. If a circle is described with the 
arm directly to the front, then directly out to one side and then 
about some intermediate axis, both the muscle and the inner- 
vational schemes of the three movements will be sharply different. 
However, all three movements are subjectively very much alike in 
terms of difficulty and objectively they display approximately the 
same amount of accuracy and of variation. This allows us to con¬ 
clude with a high degree of probability that the structure of the 
central complex which governs the production of a given series of 
movements is much more closely related to spatial form than to 
muscle scheme, because all three variations of the circular move¬ 
ment which we have attempted lie on lines of equal simplicity in 
regard to the properties of the movement and the properties of 
their forms, but not the properties of the muscular schemes. This 
conclusion may be made more clear from the following example, 
which I have thoroughly analysed in another study [23]. In order 
to carry out with precision any given automatized movement, for 
example, cursive writing, the positions and the means of fixation m 
the intermediate links of the arm are almost completely indifferent. 
I write with the same handwriting and with almost equal ease when 
I rest my forearm on a table-top and when my arm supports its 
own weight, as well as in a variety of positions. All these variants 
are sharply different from the point of view of muscle structure and 
if it were assumed that the object of the working out of a habit of 
movement were one of these structures we would be obliged to sup¬ 
pose that the others would lie completely outside the range of this 
habit, that is to say, on a quite different level of simplicity. The fact 
of identical simplicity and the retention of the characteristics of the 
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habit is immediate evidence that the habit of writing is not a habit 
of the muscle scheme and consequently that the traces in theC.N.b. 
which govern these habits are closely related to the topology of 
handwriting and considerably removed from joints and muscles. 
All these, and many similar examples, must be experimentally ana¬ 
lysed both qualitatively and quantitatively and each such analysis 
allows us to arrive at new basic conclusions as to the structure of the 
activity of the motor centres of the C.N.S. 

An extremely interesting example of the application of the prin¬ 
ciple of equal simplicity may be taken from the psychology of per¬ 
ception which is, at the moment, far more developed than the 
structural physiology of movement. This example refers to a theory 
of hearing. A whole series of hypotheses have been put forward in 
order to explain the mechanism operating in the inner ear an 
allowing us to discriminate sounds (Helmholtz, Ewald, Hering, 
Gray) among which the most popular at the moment is Helmholtz s 
hypothesis. On this hypothesis each of the numerous fibres of the 
basilar membrane is supposed to act as elastic string timed to a 
particular frequency. When this particular frequency operates on 
the organ of Corti and the basilar membrane the given fibre goes 
, into a condition of resonant oscillation and mechanically stimulates 
the auditory receptors attached to it. In this way each of the sensitive 
endings of the acoustic nerve are stimulated only by a single sound 
frequency and the recognition of the frequency in the C.N.S is 
achieved by the same process which effects the perception of tactile 
local signs (Lokalzeichen). Complex sounds or harmonics are ana¬ 
lysed in this way which explains the recognition of pitch and the 

discrimination of chords. . , • , 

Many serious psychological objections have been raised against 
this hypothesis. Additions and corrections were soon made. Helm¬ 
holtz himself was not able to explain in these terms the perception 
of consonance and dissonance for which he was obliged to hypo¬ 
thesize the presence of a separate system perceiving beat (Schwe- 
bungen). There have been numerous later additions and emenda¬ 
tions (F.Alt, A. Gray, L,Hermann Waetzmann, Budd-Feldafing, 
W. Kohler, G. Revesz, F. Brentano, and others), and the very fact of 
their necessity has cast serious doubt on Helmholtz’s hypothesis. It 
is very probable that should a new hypothesis appear which ad¬ 
equately explains all the requisite phenomena and is at the same 
time simpler, it would be preferred to the older hypothesis on the 
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principle that the true explanation is the simpler one* (although 
there is nothing objective in this guarantee). However, no hypo¬ 
thesis of this type has so far appeared. Meanwhile, there are serious 
objections to Helmholtz’s hypothesis independent of its simplicity 
or complexity. It is only necessary for this purpose to show (and 
there are in the literature an enormous number of experimental and 
clinical facts pointing in this direction) that the lines of equal sim¬ 
plicity are distributed in an essentially different way for the function 
of auditory perception and for a resonant harp. So as not to en¬ 
cumber this report I shall limit myself to two points. 

We are making a comparison between a system whose functional 
operation is unknown to us, the apparatus of auditory perception 
and a known physical model—a set of resonators which for the sake 
of vividness I have called a resonant harp. For this latter structure 
the simplest of all operations is the determination of the absolute 
frequency of a tone; this follows from its very structure. The deter¬ 
mination of the relationship between the frequencies of two tones 
with its help is already a secondary operation, which is only possible 
after the determination of the absolute frequencies of the com¬ 
ponents, and is for this reason more complicated. However, the 
statistics of musical pedagogy (J. v.Kries, O. Abraham, G.Revesz) 
show that the possession of absolute pitch is a very rare occurrence 
while a majority of people have relative pitch. In other words, for the 
organ of hearing relative determinations of intervals are easier than 
those of absolute tones. 

c On the other hand, a pure musical tone is simpler in its acoustic 
structure than the sounds of the human voice—vowels with their 
numerous formants, and consonants with theircharacteristicphona- 
tion. For a resonating harp these can be recognized in no other way 
than by their analysis into simple components and only aftef the 
determination of fhese'components; consequently, on this mbdel 
the discrimination of speech sounds is more complicated than the 
discrimination of pure tones and is based entirely on the latter 

* This conviction may very easily, be false. Contemporary physics provides 
various examples of this. The theories of de Broglie, Einstein, Heisenberg, 
Schrodinger or Dirac are far more complicated than the concepts which they 
have supplanted. To set up simplicity as a criterion of reliability would be to 
affirm in principle that the categories of logic and psychology dominate the 
categories of objective reality and determine them, and we have no authority 
for apriorities of this type. 
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process. As far as the human organ of hearing is concerned, many 
people have musical (relative) discrimination while all understand 
and perceive speech. Very striking cases of tone deafness have been 
described (L. Alt, W. Kohler). Kohler’s patient not only did not 
understand what was meant by a melody, but was even unable to 
distinguish between a low and a high tone, while he could distinguish 
all shades of speech and accent very well, indeed, imitating pro¬ 
vincial accents quite well in telling anecdotes (such persons have no 
physical defects of hearing). We again find an inversion of the levels 
of difficulty with respect to the resonator apparatus which we have 
hypothesized. 

It is clear from both comparisons that the organ of heanng gives 
an essentially different gradation of simplicity than that of the 
hypothesized resonator mechanism—a gradation amounting in 
some examples to a direct transposition of the order of difficulty. 
It is this circumstance which is critically dangerous for Helmholtz s 
hypothesis, independently of its simplicity or complexity. 

The discussion in section 3 of the example of the lack of cor¬ 
respondence between the theory of muscle localization in the 
cortex and the idea of the localization of conditioned reflexes is 
clearly a particular case of the use of the principle which has here 
been described in full. Further experiments and observations on 
changes in the accuracy of movements in their different variations 
jpnd for corresponding changes in the irradiation of a habit of move¬ 
ment may disclose for us a whole series of structural regularities 
in the motor field, and the motor functions of the brain in their 
entirety—regularities which cannot be foreseen at present. Only 
one thing may already be foreseen with certainty. Every new dis¬ 
covery in the field of co-ordinational structure will at the same time 
be a new discovery along the lines of localizational structure, and 
on that day when we understand the one we shall be able to say 
that we understand the other. 

Symbols Used in this Chapter 

I. Spatial Coordinates 

x longitudinal (sagittal) coordinate. 
y vertical coordinate, 
z transversal coordinate. 
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For x, positive direction is forward. 

For y , positive direction is upward. 

For z, positive direction is to the left. 


IT. Symbols for Parts of the Body 


Initial 

Limb 

Centre of 
gravity of 

Proximal 

letter 

Latin term 

English term 

the limb 
segment 

segment 

c. 

caput 

Head 

ge 

— 

h 

brachium 

Upper arm 

gh 

b shoulder joint 

a 

antebrachium 

Fore arm 

ga 

a elbow joint 

m 

manus 

Hand 

gm 

m wrist joint 

t 

truncus 

Trunk 

g‘ 


f 

femur 

Thigh 

gf 

/ hip joint 

s 

sura 

Shin 

gs 

s knee joint 

n 

pes 

Foot 

gp 

p ankle joint 

H 

homo 

The whole body 

gft 

- 


III. TERMS FOR THE CENTRES OF GRAVITY OF SYSTEMS (EXAMPLES) 

The centre of gravity for the system (shin + foot) g(sp). 

The centre of gravity for the system (whole leg) g(fsp), etc. 

Other points along the long axes of the limbs are indicated by 
Greek letters corresponding to the initial letters of the Latin term 
for the limb. For example: 

(p a point on the longitudinal axis of the thigh (/). 
n a point at the end of the foot (p). 


IV. Symbols for the Mechanical Functions of Movement 

S displacement (along a line described by real coordinates). 

V velocity. 

IV acceleration. 

F force. 

M moment of force. 

The symbols for joints or centres of gravity of a limb segment 
are attached to these letters as subscripts. Symbols for coordinates 
are given in parentheses. For example: 
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S o (y) the vertical component of the path followed by the 
elbow joint. 

F s (x) the sagittal component of the velocity of the knee joint. 
W„(z) the transversal component of the acceleration of the end 
of the foot. 

FgXy) the vertical component of the force at the centre of 
gravity of the shin. 

F g {fsp) (x) the longitudinal component of force at the centre of 
gravity of the whole leg system. 

Mf the moment of force at the hip joint. 

Addenda 

1. A point on the facial plane of the head in the region of the up¬ 
per edge of the aural helix is projected upon the centre of gravity 
of the head in profile photographs, and is provisionally termed the 
semi-centre of gravity on these photographs, and is designated 

by gc/2. ' 

2. The angles mentioned in this handbook are designated as 

follows: 

a the angle of the longitudinal axis of the thigh to the horizontal, 
directed forwards. 

(5 the angle of the longitudinal axis of the shin to the horizontal, 
directed forwards. 

$ the angle between the longitudinal axes of the thigh and shin. 
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CHAPTER III 

biodynamics of locomotion 

(Published in Studies of the Biodynamics of Walking 

by the author and co-workers. Resear Moscow 19 40) 
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structural elements of the locomotor act,* incorporating many 
dozens of stable phenomena which were invariably characteristic 
for each adult normal subject. The material collected by us [21] 
showed that the stability and generality of the structure of the loco¬ 
motor act is even more widespread than we could then suppose, and 
that its roots may be clearly followed in early ontogeny and phylo- 
geny in qualitative changes of locomotion, such as running or march¬ 
ing, and finally in a number of pathological disturbances. This will 
be discussed later. 

All these circumstances—automatization, degree of synergy, 
generality, ancientness—and their stability of character make loco¬ 
motor processes extremely favourable objects for investigations in 
the general physiology of movements. 

In order to make clear in what lies the main interest in movement 
as a physiological topic we may recall the general features of its 
structure.! 

The movements of an organism from the mechanical point of 
view arise because of changes in the conditions of equilibrium in the 
force field encompassing the animal’s organ of movement. 

In the case of spontaneous movement equilibrium is destroyed 
because of redistribution of tensions in the animal’s muscles, within 
the organ of movement itself or outside it. Once the movement of 
an organ has begun changing both its position in relation to ex¬ 
ternal forces (the force of gravity is foremost) and the degree of 
tension of the muscles connected to this organ, the relationships 
between the forces in the surroundirg field continue to change 
until they approach to, or move still further away from, a state of 
equilibrium. During this process changes in muscle tension bring 
about a movement and the movement affects the condition of the 
muscles by shortening or stretching them causing further changes 
in their tension. We call the reciprocal connection which we have 
described here the peripheral cycle of interaction. 

A mathematical analysis of similar relationships between forces 
(of the muscles) and movements (of the organs) shows that this 
' form of interaction does not presuppose a one-to-one correspondence 
between force and movement, that is, that one and the same sequence 
of changes in forces may produce different movements on succes- 

* See investigations into the Biodynamics of Locomotion, Vol. I, Ch. Ill, 1935. 

t The thorough analysis here has relationships with our n port The problem 
of the interrelation of co-ordination and localization (Ch. If, p. 15). 
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sive repetitions. This absence of one-to-one correspondence is due 
to the fact that the biomechanical relationships between forces and 
movements may be expressed in the form of a differential equation 
of no lower than the second order, demanding among the condi¬ 
tions of its solution no fewer than two values independent of the 
equation itself. These independent constants ot integration (the 
original position of the organ, its initial velocity, the condition of 
the force field as a whole, etc.) may change from moment to 
moment, resulting in completely different ellccts from the same 
initial innervation. 

Adequate co-ordination and a correspondence of the movement 
to the animal’s intention are only possible under conditions in 
which the central nervous system constantly receives information 
as to the state of these independent parameters of integration and 
adapts its effector impulses in an exact relationship to changes in 
the latter. This flow of information primarily involves the pro¬ 
prioceptive system and provides a second ring of reciprocal con¬ 
nections—in our terminology the central cycle of interaction. 

In this cycle the effector impulses change the tensions in the 
muscles so as to bring about acceleration of the limbs and ot the 
system, the acceleration results in changes in positions and velocities, 
and the latter, like the changes in muscle tension, give rise to pro¬ 
prioceptive signals. These signals aflect the course ol the cflector 
impulses introducing necessary corrections and allowing the central 
effector apparatus to adapt itself with plasticity to changing condi¬ 
tions at the periphery. 

In this way the connection between movements and the activity 
of the nervous system is at once very close and very complex. 

The cyclogrametric method of investigation of movements here 
provides invaluable opportunities for the investigator. It permits the 
complex registration of the movements of a whole organ or even 
of the whole body, giving a picture of changes on a space-time grid 
of coordinates for any required number of points of the body 
simultaneously. It allows us to pursue this description in terms of 
very brief time intervals by the use of shutter frequencies ot the 
order of 150-200 per sec and higher. And what is still more im¬ 
portant, it allows us to obtain accurate quantitative data from these 
pictures. 

As has been said, the central nervous effector impulses do not 
immediately reveal themselves in a movement. 1 he concept in 
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elementary textbooks that excitation of the flexor muscles results 
in flexion and that stimulation of the extensor muscles results in 
extension of the joints which they control, was seen to be erroneous 
even when the cyciogrametric. study of movement was first begun. 
What is incomparably more essential and more frequently encoun¬ 
tered is the connection between the active onset of muscular con¬ 
traction (produced by the effector impulse) and the acceleration of 
the moving organ connected to the muscle. This connection was 
known to Fischer [43], thoroughly investigated for simple objects 
by Wagner [75], and taken as a starting point by our investigational 
group. For cases where this form of connection is applicable the 
cyciogrametric method gives all the data necessary for investiga¬ 
tion, as by this means we may investigate simply, and with a high 
degree of accuracy, the acceleration of the movement of any given 
portions of the body in which we are interested. In cases of this 
type the curves of acceleration may give a very reliable picture of 
the course of effector impulses to the extremities on their final 
common pathway. 

In more complex and general cases, where there are large- 
amplitude movements of complex kinematic linkages (for example, 
a whole arm or a whole leg), the acceleration of particular points 
may be quite unrelated to the course of the muscular contractions 
involved. We are here obliged to turn to another form of mathe¬ 
matical description—th a resultant moments of forces ,in joints, which 
can be obtained in the same way from experimental material by 
cyciogrametric methods of analysis. These force momenta, the 
method of calculation of which was first developed by us in 1928, 
are values which are almost directly proportional to the resultant 
of contractions of all the muscles around a given joint. For this 
reason the curves of the changes in muscular force momenta in 
one joint or another provide us with a picture which is extremely 
close to the real characteristics of the course of effector impulses 
in every distinct neuromuscular biomechanical group. 

It is now possible to turn to locomotion, in particular to walking. 
The analysis of the muscle momenta in the joints of the leg in walk¬ 
ing shows beyond doubt that the curves of muscle force momenta 
in walking in the majority of their details are very close to the 
curves of the longitudinal component of the dynamic forces at the 
centres of gravity of the limb segments and systems (i.e. for the com¬ 
ponent in the direction of the sagittal axis of the body, from back 
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to front, which we have designated by the symbol A ). The dynamic 
forces which we calculated on the basis of the linear acceleration 
of points by Fischer's method are much more easily obtained from 
cyciogrametric material and arc numerically more reliable than 
muscle momenta. The close correspondence between both forces 
and muscle momenta in the act of walking can be explained mainly 
by the fact that the actions of the force momenta are alwuysdirected 
perpendicularly to the longitudinal axes of the limbs. In walking, 
the deviation of the limbs of the leg from the vertical is not great; 
that is to say, lines perpendicular to them deviate only slightly 
from the direction of the longitudinal coordinate axis .V. it follows 
from this that the curves of the longitudinally acting forces in the 
leg during walking give quite a reliable qualitative picture of the 
course of the neuromuscular effector impulses. The curves of the 
acceleration of centres of joints observed in walking, in their turn, 
show very close and regular correspondence to the curves of dynamic 
forces at the centres of gravity of the limbs. This allows us, pro¬ 
ceeding with critical circumspection and constantly taking technical 
precautions, to come to conclusions as to the course of neuro¬ 
muscular impulses during walking, not only front the curves of 
longitudinally acting dynamical forces, but also from their closest 
derivatives—the curves of acceleration for these same elements. The 
analysis of the material presented by us [21] has been carried out in 
this way, in cases where the calculation of dynamic forces was not 
possible without information on the masses of the limb segments 
and the locations of their centres of gravity. For running, in which 
we observe considerable and sharp deviations of the limb seg¬ 
ments from their vertical axes, it was not possible to proceed with an 
analysis based only on the accelerations, or even, without special 
critical techniques, on dynamic forces, and here the conclusions of 
the whole work are based entirely on the calculation of the curves 
of the momenta. 

It will appear below how complex and varied are the inter¬ 
relationships in various dynamic situations in walking, between the 
effector impulses, their most direct reflections—the force momenta— 
and their more distant functions—forces and accelerations—and 
how many characteristic signs may be recognized in these types of 
connection which already allow us to reach conclusions as to the 
central nervous origin and character of these and other impulses. 

It is important here to make another point. The structural elements 
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of the dynamics of a locomotor act may certainly be deciphered by 
means of more or less complex mathematical and physiological alpha¬ 
bets which permit the revealing through them of underlying central 
nervous processes. 

In the 1890’s, in the epoch of the brillant flowering of studies by 
Marcy, Braune and Fischer, it was not expected that so much 
would come out of a study of movement. Marey was chiefly enthu¬ 
siastic about his new processes of recording, by the possibilities of 
halting the fleeting moment and examining, by this means, what 
could not be seen by means of the naked eye. Braune and Fischer 
were concerned, on the other hand, with correcting the observations 
which had accumulated in preceding years and drawing parallels 
between them and the more accurate material which they had col¬ 
lected, and, on the other end, with solving some problems in the 
field of the theoretical mechanics of movements, regarding the leg 
in terms of levers, pendulums and the other accessories of general 
theoretical mechanics. 

The main advances of our experimental group from those of 
Braune and Fischer must be briefly stated.* We sharply increased 
the shutter frequences we employed (from 26 exposures per sec, as 
used by Braune and Fischer, to 60-190 exposures per sec); we in¬ 
creased by many times the quantity of material we employed, we 
simplified, mechanized and verified our methods of investigation. 
All this allowed us to study movements in incomparably greater 
detail than was possible for Braune and Fischer and to obtain highly 
reliable data because we had more methods of verifying our ex¬ 
perimental material and, in particular, because we used a great 
amount of experimental material, while Braune and Fischer were 
obliged to restrict themselves to three experiments on a single sub¬ 
ject. In close connection with these differences are also the basic 
differences between our and Fischer’s points of view. 

Firstly, Fischer’s approach was essentially retrospective, that is, 
he was mainly motivated by a desire to order critically the basic 
information available on the mechanics of the act of walking which 
had been gathered up to his time. Our approach may be termed 
prospective, as we were not particularly concerned with which 
details might be found to be reliable and which false in the work 
of the older authors, but attempted to provide a more reliable and 

* For a more detailed discussion of this, see Investigations in the Biodynamics 
of Locomotion, Vol. I, p. 30, Moscow, 1935. 
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comprehensive descriptive, basis for a subsequent broad extension 
of investigation into the genesis and pathology of locomotion. The 
main object of our investigations into locomotion from the first 
was to provide for future work as detailed a standard of average 
normal locomotion as possible, which might then be compared 
with whatever material might be accumulated in the future. 

Secondly, Fischer was interested in the course of walking in the 
most general and basic terms. Therefore he ignored the details, 
referring a whole series of details on his photographs to errors of 
measurement.* Fischer supposed a priori that the ad of walking 
must display a high degree of mathematical simplicity ami dynamic 
regularity. Apparently for this reason lie was satisfied with his very 
low shutter frequencies. Even those irregularities in the curves which 
could be retained on the coarse “sieve” that resulted from his low 
frequencies—and which, as our investigations revealed, are indic¬ 
ative of most important biodynamic processes— were smoothed 
out by Fischer and declared non-existent. 

We, in contradistinction to this, gave most careful attention to 
these details—which on our high-accuracy, high-frequency sieve 
were retained much more clearly. If Fischer had a priori been sure 
that the movement of walking is maximally smooth and simple, 
then we, on the other hand, being aware of what complex synergy is 
involved in walking, expected from the very first to encounter a 
process of a degree of complexity which had been completely un¬ 
recognized beforehand, and which was in every case certainly im¬ 
pregnated with live micro- and macroscopic details, just as is living 
organic tissue. Our expectations in these respects were fulfilled in 
the highest degree. “The biodynamic tissue” of live movements—of 
locomotion—appeared to be full of an enormous number of regular 
and stable details. In the course of one complete cycle of movement 
—one double step—each of the moving organs appeared to par¬ 
ticipate in a complex melody of scores of dynamic waves which 
followed each other with precision and regularity. Amongst these 
there were large and powerful waves, for example, the waves of 
the forward and backward thrusts which would have been visible 
even through Fischer’s weak “telescope” if lie had not smoothed 
them out of the curves together with the “dust-spots” and waves of 
the second order and, finally, the smallest objects which are located 

* See Investigations in the Biodynamics of Locomotion, p. 1 1, 1935. 
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at the very limit of the resolution power of our present technology. 
The transition between stars of the first magnitude and the faintest 
visible objects is such a gradual transition, that without any doubt 
a multitude of stable particulars in locomotor processes are still 
invisible to us; there is considerable reason to suopose that it is 
precisely these ultratelescopic objects—these still unresolvable de¬ 
tails of biomechanical tissue—that will seem the most interesting 
in the future. 

All these circumstances determined the third and, in principle, 
the most important aspect of our approach to the study of loco¬ 
motion. We refused to theorize about our object of investigation 
in advance by forcing it to fit one or other analog in the field of 
general mechanics. We regarded the locomotor process as a living 
morphological object of inexhaustible complexity and set as our 
primary task the necessity of observing and describing it as closely 
as possible. 

As early as 1928 [15], I put forward in general terms the concept 
that the movements of a living organism could be regarded as 
morphological objects. That they do not exist as homogeneous 
wholes at every moment but develop in time, that in their essence 
they incorporate time coordinates (in ways different from tissues and 
organs, for example), and that they are in no way dissimilar to ob¬ 
jects in the morphological field of investigation. On the contrary, 
the concept that movements are in many respects similar to organs 
(existing, as do organs, in a system of space-time coordinates (x, y, 
z, tj) appears to be extremely fruitful, particularly when the dis¬ 
cussion concerns such stable and general forms of movement as 
locomotion. 

The basic vital properties which exist in the movements of living 
beings clearly confirm their close analogy to anatomical organs or 
tissues. Firstly, a live movement reacts and secondly it regularly 
evolves and involutes* 

I noted and described the former of these properties as early as 
1924 [8, 9]. Studying the biodynamics of movements involved in 

* The reactivity of the live structure of movements cannot be simply mecha¬ 
nically related to the reactivity of live organic tissues which take part in the 
given movement. The discussion does not concern the point that movement is 
a basic substrate—this would be completely false—but that the forms of the 
reaction of the material substrates of movement, which determine cy their 
existence the course of a living movement, have quite particular qualitative 
characteristics. 
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culling with a chisel I was able to show that it is impossible to alter 
selectively any one given detail in this movement without affecting 
others. If, for example, the trajectory of the elbow is slightly 
altered, the form of the trajectory of the hammer is also unavoid¬ 
ably changed, as arc the relationships between the velocity of the 
swing and the impact, and between the velocities of the wristandof 
the hammer head, and a whole scries of other nuances of the move¬ 
ment. 

In subsequent years it was possible to establish from material 
obtained on walking that the reactivity of movements is extremely 
selective. Movements react to changes in one single detail with 
changes in a whole scries of others which arc sometimes very far re¬ 
moved from the former both in space and in time, and leave un¬ 
touched such elements as are closely adjacent to the first detail, 
almost merged with it. Tn this way movements are not chains of details 
but structures which are differentiated into details ; t hey are st ruct u rally 
whole, simultaneously exhibiting a high degree of differentiation of 
elements and differing in the particular forms of the relationships 
between these elements. This justified the analogy which 1 made 
earlier between the characteristics of living movements and tissues, 
calling them both biodynamic tissues. 

A second property of the movements of a living being has been 
established for a long time-—they develop and involute. However, 
the problems of the ways in which they develop, and the stages 
they pass through in this process, etc., have been very little in¬ 
vestigated. We will give some account below of the most important 
results obtained in this direction. 


2. The Basic Structural Components of the Locomotor Act 

We shall discuss in general terms the basic biodynamic character¬ 
istics of the process of walking [19]. These must serve as points of 
departure for further analysis. 

The movement of walking consists, for each leg, in alternations of 
periods of support and swing-through. The swing phases are of 
shorter duration than the periods of support (for running the pat¬ 
tern is inverted), for which reason there are intervals during which 
one leg has not yet completed and the other has already begun its 
support phase. We call these intervals periods of double support. 
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The dynamics of the legs in their in teractions with the supporting 
surface have their most clear-cut reflection in the behaviour of the 
centre of gravity of the whole body. In fact the forces which operate 
during walking at the centre of gravity of the whole body are equal 
in magnitude and opposite in direction to the forces which are 
applied to the supporting surface by the supporting leg or legs. By 
the principle of the equality of action and reaction, these forces in the 
legs are, in their turn, equal and opposite to the support reaction, 



Fig. 22. Curves of forces at the centre of gravity of the whole body dur¬ 
ing normal walking. Above: vertical components. Below: horizontal 
components. 

that is, the reaction of forces in the surface supporting the body of 
the walker. For this reason the curve of the dynamic forces at the 
centre of gravity of the whole body is exactly the same as the curve 
of the support reaction, that is, the curve of the interaction between 
the lower extremities and the supporting surface. 

Graphs of dynamic forces at the centre of gravity of the whole 
body (Fig. 22) are among the types of evidence which may be quite 
easily obtained from live movements by the cyclogrametric method. 
These graphs incorporate a series of clear-cut and reliably stable 
elements which arc evident in all normal human subjects without 
exception. The vertical component of stresses in the centre of grav¬ 
ity of the body as a whole F 0 „(y) displays two high peaks, h and v, 
which we have termed the backward and forward thrusts (h — Hin- 
terstofi, v — Vordersiofi). The rear thrust is delivered by the leg, 
standing behind at the beginning of the period of double support; 


the front thrust is delivered towards the end of this period, about 
100-200 msec later by the front leg. In this way every period of 
double support in walking begins with a rear thrust (with one leg) 
and ends with a front thrust (with the other leg). The support 
period for each leg begins with its front thrust and ends with the 
rear thrust. The entire sequence of events is clearly represented in 
Fig. 23. 

Shortly before the rear thrust the leg that is behind delivers an¬ 
other vertical thrust of varying magnitude—the auxiliary thrust h'. 
The middle of the single support time—that moment when the 
swinging foot moves past the supporting foot—corresponds to the 
principal minimum m of the vertical component F u „(y). At that 
moment the pressure of the foot on the supporting surface is sig¬ 
nificantly less than the static weight of the walking subject, whereas, 
at the moments of the two principal thrusts h and v, it is significantly 
greater than this weight. 



Fig. 23. Diagram of alternation of principal thrust forces in normal walk¬ 
ing (the figure is corrected by data obtained from recent studies by 
O.Saltzgcber). 

The longitudinal components of the forces at the centre of gravity 
of the whole body F uU (x) (Fig. 22) are significantly loss constant 
than the vertical components in form, though not in the dynamic 
elements which they incorporate. These latter always appear in a 
strict sequential order varying only in their magnitudes and in the 
nuances of their rhythmical interrelationships. The most significant 
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in amplitude are the direct (that is, forward-directed) thrust f> e 
which occurs almost simultaneously with the real thrust h, and the 
reverse (directed to the rear) thrust which appears a little before 
the front thrust v. If we examine both components in their entirety, 
that is, if we consider the forces at the centre of gravity as a vector, 
then the alternation in the waves which has been described will be 
visible in this wayt The rear thrust manifests itself at the centre of 
gravity as a vector directed forwards and upwards which displays 
a small oscillation forward Q5 f ) immediately after its maximum (A); 
the front thrust is a vector directed upwards and backwards (n pe ) 
which deviates slightly further forward at the moment of its maxi¬ 
mum (a). 

The intermediate stable elements of the curve of the longitudinal 
components <5 1 , xr l> are o reat va l ue i n the co-ordination 
of the movements of the legs and determine all the details of these 
movements, but their relation to the movements of the centre of 
gravity of the whole body is not at present very clear. The wave a, 
occurs close in time to the auxiliary thrust A'. 

The curves of the dynamic forces at the centre of gravity of the 
segments of the leg and at the centre of gravity of the whole leg may 
be considered as indicators of the locomotor structure on one side 
of the body. While the curves of forces at the centre of gravity of the 
whole body F e „ show the periodicity of a single step and reflect in 
equal measure the dynamics, now of one, and now of the other 
side of the body (this is the reason for the two-letter symbols which 
I have given to elements of the longitudinal components), the curves 
for the segments in the leg display periodicity over a double step. 
As examples in the present brief discussion of the curves of forces 
for the legs we may consider the force vector for the thigh ( F U f ) 
which is shown in Fig. 24 as curves for the vertical F a j-(y) and 
longitudinal F af (x) components. This vector is the richest of all 
the force-vectors in the legs in structural details, for which reason 
we draw attention to it. The vector for the thigh is, for two reasons, 
in a particularly favourable position to allow a large number of 
biodynamic structural details to appear in it. Firstly, the thigh is 
located at the centre between the “shin-foot system at one end and 
the trunk at the other so that it is simultaneously affected by the 
operation of both systems and is an arena for the interplay of reac¬ 
tions of support and of forces which originate in the trunk and the 
contralateral leg. Secondly, its moment of inertia in relation to the 
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hip joint is significantly less than the moments of other distal seg¬ 
ments relative to this joint, i.e. the lower leg and foot; for this 
reason the thigh reacts more sensitively to all the nuances and shifts 
in thethrust impulses communicated to the leg by the hip musculature. 



Fig. 24. Force curves at the centre of gravity of the thigh in normal walk¬ 
ing. Above: vertical components. Below: horizontal components. 

The vertical component of forces at the centre of gravity of the 
thigh F of (y) (Fig. 24) is made up of an alternation of high groups of 
peaks with the raised plateau of the support period, and the deep 
troughs (/;) of the transfer period. The group of peaks after the 
swing period minimum includes the peaks l > 2 , Aj, and b 4 if we do 
not consider the small irregular wave k 2 at the very bottom ot the 
trough /;,. The peak b 2 coincides in time with the auxiliary thrust A' 
and is apparently caused by it. The peak b 3 is an echo of the rear 
thrust h of the opposite leg, that is, it directly precedes the beginning 
of support by the given leg. The peak b 4 , which is always much 
lower than both the previous peaks, is the effect of the operation 
of the front thrust by the given leg. The powerful wave of this 
thrust is transmitted through the thigh, and the small peak b 4 is a 
part of this thrust deposited into the curve of the thigh itself. 

The support plateau is terminated by the poorly differentiated 
low group b 5 (sometimes b s -b' s ) reproducing the thrusts h' and h 
on the given side in the same order as b 4 reproduces the front 
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thrust. There then follows the high wave Z>j—the reflection of the 
front thrust on the opposite side—after which comes the swing- 
phase minimum . 

And so the vertical component of the forces F af incorporates the 
main waves b 2 ,b i ,bi corresponding to the main thrusts on the 
opposite side and the lower peaks and b s corresponding to the 
same thrusts on the given side. All these elements are stable in 
normal adult subjects and are repeated in the same order in the 
curves for the action of forces in the shin and the leg as a whole. 
Except for these force elements, nothing stable and characteristic 
is observed in the curve F af (y) and in the similar curves F e fy) and 
Fg'fspiy- 

In this way the vertical components of forces in the leg during 
walking basically incorporate only elements which reflect the 
struggle of the moving organism as a whole with the force of 
gravity: the after-effects of its supporting thrusts and the reflections 
of thrusts on the opposite side. This completely agrees with what 
has been said above in section 1; the manifestation of local muscu¬ 
lar activity in walking must be observed mainly in the forces visible 
in the curves of the longitudinal components, while in the vertical 
components we find only very remote and generalized phenomena 
directly related to the integral dynamics of the centre of gravity 
of the whole body. 

For all these reasons it seems that the most comprehensive and 
interesting neurodynamic material available to us must be the 
curves for the longitudinal components in the legs, and this expecta¬ 
tion is fully verified. We may recall the nomenclature which we have 
adopted for the longitudinal components of forces. 

The most distinct direct (inclined forward) force waves of the 
curve F oh (x ) have been indicated by the first letters of the greek 
alphabet in their sequential order: <x, ft, y, d, s, £. V/c have desig¬ 
nated the reverse waves by the symbol n with the addition of an 
index to indicate the prior direct wave, for example, n, is the reverse 
wave immediately following the direct wave e, and so on. 

This nomenclature could not be retained in such a simple and 
schematic way. New smaller waves andprcviouslyunnoticcddetails, 
etc., are constantly being observed. For this reason we now regard 
the entire nomenclature we have given as only a series of proper 
names and we do not seek greater rationality in them than may be 
found in geographical or astrophysical terms. 
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The support period of the legs (see Fig. 24) commences with the 
very marked reverse wave tip. This wave occurs immediately before 
the front thrust of the given leg and essentially represents the brak¬ 
ing effect of the planting of the foot on the supporting surface. In 
the curve for the forces at the centre of gravity of the body at this 
moment we observe the appearance of the reverse wave n jir . 

During the course of the support period itself there is a gradual 
stepwise rise in the curve F of (x). It displays a small rise close to the 
zero level, y (between a! and ml),* a direct wave 6 of moderate 
amplitude height, another higher region with poor relief >) (close 
to It') and, finally, a large direct peak s at the moment of the rear 
thrust on the same side. 

The gradual jagged rise y-S-rj corresponds to the steady increase 
of the horizontal velocity of the thigh, particularly its distal end; 
that is, it reflects the increase in the activity of the supporting leg 
pressing on the ground. The wave s, the last and disbud direct 
peak of the curve F af (x), occupies precisely the same dominant 
position in the curves for the shin and foot, and sharply falls after 
the rear thrust. From this point on, that is to say, from the begin¬ 
ning of the swing period on,- the forces in the thigh display a course 
which is quantitatively different from those at the centres of gravity 
of the whole leg and its lower segments, but there nevertheless re¬ 
main the same structural elements common to all moving organs, 
which are only disposed differently in relation to the axis of the 
abscissa (Fig. 25). 

The direct clement of the curve F tlf (x) following immediately 
after e is the jagged region £ located between the front thrust v and 
the minimum in for the opposite leg. In the curve for the centre of 
gravity of the whole leg this region is located a little above the zero 
level (in the direct waves), whereas in the curve for the thigh it lies 
below zero (in the reverse waves). It is preceded in the curve F„ f (x) 
by the reverse wave n e and it terminates in another reverse svave n s . 
The reason for the different disposition of the region £ in different 
curves is explained below; at present it need only be said that the 
reverse waves n e and n c represent the braking effect, which begins at 
this point, on the forward velocity of the leg (and of the knee joint) 
which is accompanied by increases in the longitudinal velocities of 
the foot and the shin. The muscle forces in the hip and knee joints 

* The exclamation mark is used to designate the main thrusts on the same 
(ipsilateral) side of the body. 
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Fig. 25. Curves of thrust forces at the centres of gravity of the limbs of 
the leg in normal walking. Above: vertical components fer the thigh, 
shin and foot. Below: longitudinal components for the shin and foot. 
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during the period represented by [he region £ arc extensory (Fig.25) 
so that the braking of the thigh is reactivciy provoked by peri¬ 
pherally operative forces. 

Following /it- in the curve F af (x) there appears a high and com¬ 
pact group of waves, the summit of which constitutes the wave tv. 
This direct wave only exists in the thigh; for the shin and t befool we 
have at this point the reverse wave n a . At that moment there are 
also reverse waves in the curves of the force moments at the hip 
and knee joints (Fig. 29). In this way the wave « for the thigh is not 
a resultant of muscle action, but is reactivciy produced by the 
periphery in the same way as is the braking clfect on the knee in 
area £ which has been noted above. The wave « and its functional 
pair n x correspond closely in time with the supplementary thrust 
in the opposite leg h'. 

Almost merging with a in the curve for the thigh we find the trace 
of a sharp peak ft (the phase /; in the opposite leg), in which, how¬ 
ever, all the signs indicate quite another process than that at a. 
Firstly, this rise is observed in the form of a direct peak in all curves 
for the leg while there is no trace whatever of a in the curves for 
the shin and the foot. Secondly, as will be shown below, the whole 
history of the development of this peak ft is radically dilferent than 
that fora. By these means we can ascertain that it is related to its 
neighbour not functionally, but as “an optical pair”.* 

This, in its most general features, is the framework of the structure 
of the longitudinal forces in normal adult walking. We may deduce 
from the inventory of the primary properties of the force impulses, 
which determine the stepping movements of the leg in walkinggiven 
above, that these are certainly not limited to one simple pair of 
impulses, a forward impulse and a backward impulse, for each 
double step. Examples of such reciprocal impulses might be, for 
instance, s and n p which operate practically simultaneously in both 
legs in opposite directions to one another. The facts of the matter 
make evident that this most simple pair will not in any way exhaust 
the data. The multiplicity of elements interacting regularly with one 
another and making up a complex and idiosyncratic rhythm of 
alternation gives to the dynamics of each separate step a radically 
different physiognomy from that which may be observed in the 
simple stepping reflex in a decerebrate preparation. All these cle- 

* Translators note: The distinction made in astronomy between physical and 
optical pairs in the case of double stars. 
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meals are strikingly constant and general, they occur in precisely 
the same unchanging sequence in all the longitudinal force curves 
for all the elements of the leg and the trunk in normal walking, 
they retain this constancy of structure in all normal subjects and 
they remain the same even in a whole scries of central nervous 
system disorders. Further these very structural elements, in this 
precise sequence, are retained in a form of locomotion as qualita¬ 
tively different from walking as running; and gross peripheral disturb¬ 
ances of structure, such as amputation, are necessary before they 
are lost to any significant degree. All this indicates that the structural 
elements of muscle action which have been described above are not 
in any way accidental, that they are of essential co-ordinational 
significance for the locomotor act and that to all appearances they 
must consequently have a peculiar genesis, history and basis in the 
central nervous system or elsewhere. The confirmation of all these 
suppositions is the basis for the material discussed in this work [21]; 
in subsequent sections we shall examine the facts which relate to 
these topics. 


3. The Genesis of the Biodynamical Structure 
of the Locomotor Act 

The first fact revealed to us by our study of the ontogenesis of 
walking and running in the child was that biodynamic structures 
live and develop. 

All the numerous elements which were briefly described in the 
preceding sections, and which were there irrefutably shown to par¬ 
ticipate in the co-ordinational formulation of an act of locomotion, 
are absent from the walk of a child which has just started to walk 
by himself. Considering the longitudinal acceleration curves of the 
child, in the first days of independent walking only the direct wave e 
is present in the leg as a whole; the reverse wave n a in the foot is 
accompanied by its functional pair a in the thigh; and the region 
for the hip joint is, as we see, entirely different from the adult £. 
There are no traces of /?, y, 5, rj, 6, or t. This picture is retained 
during the whole of the 1st year of walking, that is to say, until 
nearly the 2nd year of life. 

In other words, in the whole of the muscular-dynamic inventory 
of the child in the first months of the development of his walk we 
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may observe only one pair of independent muscle impulses r, and 
//„,* the identical simplest reciprocal pair which we have described 
in the previous sections and which were believed by physiologists of 
the last century to explain the entire muscular dynamics of walking 
in adults. The other two waves which are observed in this early stage 
of ontogenesis have essentially a peripheral origin; namely, the 
purely reactive-mechanical <x which arises in the thigh as a reaction 
to the active muscle stress n a , and the reactive pair 4 —/r E for which 
the same is true. The impulses e and «„ develop first, and initially 
there arc no others. I should term this level of development the 
innervalionally primitive stage. 

The following elements of the biodynamic curves develop much 
later: within 2 years of birth the infant has, besides the curves 
mentioned above, the waves y and ?; in the thigh and signs of the 
beginning of the development of /S in the knee and the ankle joint. 
These new elements are not yet clear-cut, and where, for example, 
tempo is increased, they have a tendency to disappear. 

The whole inventory of dynamic waves develops very slowly, 
being complete by about the 5th year. The separate elements very 
gradually change over from the group of those which are not con¬ 
stantly encountered, and which are not observed in every step (v) to 
the category of those which are constant for slow tempos, and finally 
to the category of unconditionally constant signs. The development 
of the adult forms of the structural elements is also completed 
slowly, and, for example, even by the 4th year the “childish" £ has 
not fully given place to the adult version. 

In the first place, all this is evidence that the gradual appearance 
and consolidation of new structural elements is not in any way 
related to the elaboration of elementary co-ordination and equili¬ 
brium in walking. By the age of 3 or 4 the child is not only able to 
walk without difficulty, but can also run, hop on one leg, pedal a 
tricycle, etc. This means that the mechanisms of co-ordination 
for all types of locomotor movements and for the maintenance of 
equilibrium have been thoroughly elaborated for some time, where¬ 
as the inventory of the dynamic impulses for normal walking is still 
far from complete. A little later on we shall see that the nervous 
mechanisms of elementary co-ordination and the maintenance of 
equilibrium are illuminated in quite another way by the curves ob¬ 
tained for children. The basic structural elements which wc have 

* Not n t j as ft still does not exist. 
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just been discussing clearly have some other significance and are 
related to finer details of motor co-ordination. 

The development of the structural elements of walking :s com¬ 
pleted in a manner which is far from direct. On the contrary, during 
ontogenesis a whole series of redundant signs wn.ch are not pe¬ 
culiar to adults appear, to disappear again at adolescence. These 
childish elements appear very early among the vertical components. 

By the 1st year of independent walking, while the child has only 
b x and b 3 among the whole range of adult components, there are 
also apparent, alternating with them, the “infantile” waves k t and 
k 2 . The second of these may also survive in adulthood in the form 
of a step k at the bottom of the wave b 2 , although the homology of 
both these forms has not yet been rigorously proved; k t certainly 
disappears by the age of 7 appearing again only in cases of am¬ 
putation in the transverse components of the forces F(z). The in¬ 
fantile mechanical-reactive wave f in the thigh appears, as we have 
seen, very early and is maintained during the course of the entire 
1st year of walking. It then falls away like a milk-tooth; the adult 
innervationally reactive form of C develops in its place only in the 
4th—5th years of life. 

An extremely interesting overemphasis of structural details 
occurs in the period of development between 5-8 years. During 
this period all possible variations of 0, and t often occur with 
very large dimensions; the vertical infantile thrusts k j and k 2 also 
attain very significant dimensions as do the horizontal details y and 
t which are still bound in synchrony to them. This overabundance 
energetically involutes between 8 and 10 years, but even by the age 
of 10 the process of formation of the adult structure has not been_ 
entirely completed. 

In the course of the development of the biodynamic structure of 
walking there also appear qualitative deviations of another type 
which cast light upon the gradual mastery of the mechanisms of 
co-ordination and equilibrium. In the very first days of independent 
walking the vertical components of forces at the centre of gravity 
of the head of the infant already appear to be completely ordered 
and invariable from step to step, although primitive in form—only 
the waves b t and b 3 may be discerned in them. Meanwhile, the 
movements of the head (the curves Sfy)) are extremely chaotic, un¬ 
even and involved. Towards the age of 2 the curves ot the vertical 
forces for the head are gradually enriched by new waves and in ex- 


Biodynamics of Locomotion 81 

trcmcly close connection with these the curves of movements S c (y) 
become increasingly more simple and stable. We may relate this 
to the fact that in various children we observe less intervnriaucc in 
the curves of forces and accelerations of their heads than in theex- 
tremely diverse and individual curves of displacements. 

An explanation of these phenomena follows directly irom the 
basic conditions of the structure of movement which were dis¬ 
cussed above. The given curve of changes in muscle forces (and it 
follows, in the simplest cases, of acceleration) cannot alone entirely 
determine the resulting movements as independent parameters of 
integration.* 

The effect of these independent parameters is stabilized in the 
normal development of the central nervous system by the pro¬ 
prioceptive apparatus; this signalling compels the motor areas of 
the central nervous system to adapt the form of their effector im¬ 
pulses. If the proprioceptive impulses are interrupted, as occurs, for 
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Fig. 26(a). Left side: vertical translations of the ankle and the loo end. 
Right side: vertical accelerations of the ankle joint and vertical efforts in 
the foot during two consecutive paces in walking of a patient with labet- 
ical ataxia. It can be seen clearly that a moderate variability of accelera¬ 
tions and efforts in consecutive cycles of movement of a tabetic patient 
can result in strikingly different forms of translation curves in the same 

cycles. 

* Mathematically and not in a Sherringtonian sense. 
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Fig. 26(b). Left side: vertical translations of the ankle and the toe end. 
Right side: vertical efforts in the foot during two consecutive paces in 
walking of a normal subject. The curve of efforts shows only a slightly 
lesser variability of cycles in comparison with those of the preceding 
figure, while the translation curves are absolutely identical from pace to 

pace. 

example, in the classic case of tabes, we obtain as a result extremely 
regular and constant successive cycles of forces F and accelerations 
W with completely disordered and dissimilar cycles of displace¬ 
ments S. We have material on tabes among our unpublished data 
which provides very clear examples of this type (Fig. 26). We may 
deduce from this that the principal and most general symptom of 
disturbances in proprioceptor signalling (proprioceptive ataxia) is 
the disturbance in successive cycles of the constancy of S with 
(sometimes marked) retention of constancy of F and W. 

In small children we are dealing, naturally, not with disorders in 
proprioceptive signalling, but only with the slow and gradual ap- 
i! pearance of the mechanisms of adequate response to this signalling. 
In cases where this mechanism has not yet been built up we may 
observe the ataxic symptom which we have described—the regu¬ 
larity of W and chaotic disorder of S. In this stage of onto¬ 
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genesis the spontaneous effector impulses are consequently already 
developed (TFis in order) while the inncrvational-reaclive impulses 
do not operate in conjunction with them. 

In locomotion of children there arc a whole series of phenomena 
of this sort which are clearly observable at first, and later grow 
fainter and fainter. In children who have only just begun to walk 
there is as a rule no constant correspondence between dynamic 
phases and the positions of the body. Their phases, appearing in 
successive steps as the phase of one and the same force waves, are 
quite unlike each other. For adults, on the other hand, there is an 
exact repetition of positions in simultaneous dynamic instants 
(see Fig. 27(a)). Further, for some dynamic waves, for example £, 
the connection between positions and phases is extremely stable 
and is not even destroyed by very gross changes in gait. The ab¬ 
sence of a similar correspondency in small children is naturally an 
indication of the same relationships seen in the chaotic forms of the 
S'curves; the absence of correct response to proprioception. 

In slightly later stages of childhood development when the most 
elementary mechanisms of locomotor co-ordination have already 
been mastered, the same symptom of inadequate mastery of pro¬ 
prioceptive signalling appears in a fainter and partly transformed 
aspect. The situation is the same in the case of the £ wave, which, 
when all is considered, is one of the most complex and enigmatic 
of all the co-ordinational waves. T. Popova observed that the height 
of the £ wave in children between the ages of 11 and 3 years is in 
very close correspondence with the length of the stride and that 
apparently the inadequate participation in one or another separate 
step of the main e impulses is compensated, so that a step may be 
correctly made by the incorporation of the £ wave. In some cases, 
£ in this context considerably overshadows the basic." impulses and 
in this pattern of walking waves appear which vary considerably in 
magnitude from step to step. This observation discloses a connec¬ 
tion between proprioception and the effector system, but now in a 
new scheme. Because of the inadequacy of the motor responses, 
which are not yet proportionally related to the amount and the 
exact graduations of the force e (the auxiliary waves <) and •//! are 
undeveloped), unequal steps are obtained for constant values of 
£, while for steps of constant length variations in £ are necessary. 
In the adult norm it is both the case that £ arc of constant value 
and that steps are of constant length; this means that even before 





heavy lines indicate longitudinal dynamic elements. Heavy dotted lines indicate vertical elements. 
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Fig. 27(b). Forces at the centres of gravity of Ladoumcg's right and left 
legs. Standard terminology. 
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the completion of the main impulse e an exact regulation of the 
direct longitudinal forces on the basis of propriosignalling is ne¬ 
cessary in carrying out steps of constant metric proportions. This 
preparatory regulation has not yet been developed in the child and 
it depends on subsequent compensation including the termination 
of the impulse e. The proprioceptive activity is still inadequate to 
allow metric planning of movements but is capable (in distinction to 
the very earliest stages) of introducing metric correctives. 

The evolution of the locomotor act involves nearly the whole of 
childhood and extends almost to the beginning of puberty. The last 
stage through which it must pass, which begins to be observable only 
after the age of 5, and which disappears only after the age of 10, is 
the conversion of an undifferentiated collection of biodvnamic ele¬ 
ments into a determinate structure. All the structural elements of 
walking have developed by the 5th year and, as has been said above, 
are still encumbered by a whole collection of infantile peaks and 
hillocks for the next few years. However, at the beginning of this 
stage of development all the “teeth” in the curves, both the “adult 
teeth” and the “milk teeth” although they are already located in 
the correct sequential order, have not yet as a whole adopted the 
form which is characteristic of the adult curve. This form is finally 
apparent when regular and constant proportions are established 
between the elements of the curve, when the smaller “half-tone” 
elements merge and are effaced, and the larger elements emerge into 
dominant positions. It is only then that the last and highest stage 
of development of co-ordination is completed: the displacements 
(5) become regular and of equal lengths, and here neither curves of 
forces (A), nor accelerations (IV), necessarily vary in order to 
compensate for irregularities (as it were, post factum, in proprio¬ 
ception), so that it is possible to maintain a unity of movements 
without violating the unity of the force curves (as a result of pro¬ 
prioception ante factum). 

A similar picture may be observed in the running of children. In 
giving an account of the adult run, we have been able to show that 
running considered as a neurodynamic structure displays many in¬ 
contestable signs of similarity to walking. This relationship is 
clearly marked in an analysis in depth of running, and is in sharp 
contrast to running regarded as a biomechanical structure in which 
respect it is in many ways exactly opposite to walking. The problem 
of moving the body through space is solved in almost directly op- 
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posite ways in running and walking and a whole series of features 
of the structure of innervational processes undergoes basic changes 
in running in comparison with walking, notwithstanding the in¬ 
contestable common genesis of both processes in the nervous sys¬ 
tem. This common origin may be studied and proved with the 
greatest clarity in the context of the evolution of running in children, 
where we clearly observe the common operat ion of locomotor struc¬ 
ture as well as the gradual course of their biomechanical and neuro¬ 
dynamic divergencies. 

In the very earliest phases of development of locomotion (in the 
2nd year of life) it is impossible to observe clear differences between 
running and walking in the child. Mis run is quite free of the most 
characteristic sign of a true run—the interval of (light—-and is only 
very slightly different from walking. Only a few dynamic elements 
similar to those encountered in true running appear at the proximal 
ends of the legs while the distal ends still present the picture charac¬ 
teristic of walking. All these changes arc concentrated in the support 
period in the structure of which all the first signs of divergences are 
incorporated. 

Very gradually, during the 2nd and 3rd years of life, parallel with 
the mastery of new elements in the curves for walking, we find the 
development of divergencies in the running curves. The front and 
rear thrusts of the supporting leg (C and D in Fig. 28(a)) are shifted 
nearer in time as compared with those observed in the walk of a 
given child; the longitudinal force waves y and <) develop in 
place of the older primary wave e. which is reduced in running and 
changes its position from the support group y-i) t) to the transfer 
group £-«; we also observe the first traces of flight. It is an inter¬ 
esting fact that the curves of the vertical dynamic components di¬ 
verge earlier than the curves of the longitudinal components 
(Fig. 28(b)). If we remember that the former arc closely concerned 
with the integral dynamics of the organism and with its biodynamic 
activity in its struggle with the force of gravity, whereas the latter 
mainly reflect the internal more intimate structure of the force im¬ 
pulses in the given extremity, an explanation of this phenomenon 
may be attempted. It seems to me that the delay in the appearance 
of divergency in the case of the longitudinal curves in comparison 
with the vertical is a sign that the reorganization of the movement 
begins with its biomechanics, that is to say, with the peripheral parts 
of the process (the reorganization of the support interval, the organ- 
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Fig. 28(a). Schemes for positions of the body during phases of the step. 
u At downward push in the thigh of the rear leg; C, thrust to the rear by 
the rear leg; m, limit of raising of the knee to the rear; D, thrust to the 
rear; E, the last dynamic element of the support period. 
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ization of the phase of flight, etc.); this biomechanical reorgan¬ 
ization sets new problems for the central nervous system, to which 
it gradually adapts, mirroring that adaptation in subsequent changes 
in the longitudinal dynamic curves. This secondary character of 
central divergency is also very marked inanother phenomenon which 
will be discussed a little later, that is, in the diminution of the 
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Fig. 28(b). Longitudinal acceleration of the hip (/), knee <.v), and 
ankle (/>) joints and of the point of the foot (.7.) during walking ol a child 
aged 3 years and 5 months. (T.P.; experiment No. 963.) '1 he support 
period is indicated by horizontal lines at the bottom ol the graph. 

amplitude of the longitudinal force curves in the qualitative de¬ 
velopment of running with increasing age. 

Though it was necessary in the first stages ol the development of 
running to use care in determining differences from walking, in 
subsequent stages (from 2 to 5 years) the basic properties ol run¬ 
ning are quite incontrovertibly apparent. In this age group the 
organization of the transfer period in running has already begun 
(firstly the latter half of transfer, then the former), in particular, 
during this stage of development dynamic novelties appear in the 
transfer period and, curiously, the overwhelming majority ol them 
appear at the proximal points of the lower limbs, while the distal 
points do not display noticeable signs of divergency for some time. 
From 2 to 5 years the longitudinal curves for the thigh already dis¬ 
play the typical structure of the running swing-phase period in its 
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entirety, while the curves for the foot are still not differentiated 
from those obtained for walking, even in respect to the support 
interval. 

This prevalent course of evolution and of divergency from above 
to below, from proximal to distal points, leads to an interesting 
physiological generalization. It is very improbable indeed that the 
nerve dynamics of the distal musculature are so sharply different 
(by a whole year of development) from the dynamics of the proximal 
muscles. It is much more probable that there is another explanation 
here. The proximal ends of the legs (for example the hip joints) are 
surrounded by far more massive muscles than are the distal ends 
(the feet), while at the same time the moments of inertia of the 
former are much less than the moments of inertia for the latter. For 
this reason the muscles of the hip can move the upper sections of 
the limbs much more easily than the foot, since to move the foot 
they must oppose the inertia of the entire leg from top to bottom. 
There is also the fact that the (relative) velocities are higher as a 
rule for distal than for proximal parts, so that the kinetic energies of 
the former are higher and it is more difficult to overcome them. 
The distal parts play roles reminiscent of heavy ilywheels in re¬ 
lation to the legs as a whole. 

It follows that the nerve effector impulse at any given strength of 
its operation appears far more easily in the proximal curve and is 
mirrored there in the form of observable dynamic waves, because 
it does not have to overcome all the inertial resistance of the distal 
system. In order to be perceptible in this latter system, the effector 
impulse either must be very strong or must coincide exactly with 
the moment when conditions in the distal system are particularly 
favourable for its appearance. It is still difficult to say what these 
particularly favourable conditions are, and here a wide field of 
investigation is opened. It is possible that we have here simply a 
convenient position of the extremities which offers the muscles the 
most favourable biomechanical conditions of operation; it is 
possible that this most opportune moment is a critical moment in 
the velocity of the limb when the inertial resistance is least per¬ 
ceptible; finally, it may be the case that it is at this moment that the 
degree of excitability of the muscle apparatus is most receptive be¬ 
cause of some favourable concurrence of proprioceptive signals 
(this latter hypothesis may be successfully tested by electrophysio- 
logical techniques). In one way or another the control of the distal 
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parts demands a greater deftness, a higher degree of co-ordinational 
technique in respect to the skill of selecting the optimal moment to 
give just the right impulse at just the right time. If this moment is 
lost, even by a fraction of a second (it must never be forgotten that 
all processes in running are measured in terms of hundredths and 
thousandths of a second), then the impulse will fail to penetrate; 
that is to say, it will not produce any noticeable effect ai the peri¬ 
phery. 

We must stress here that we are not discussing small co-ordinated 
movements of the distal sections such as linger movements, but 
global general displacements of distal portions of the body of the 
extrapyramidal type. The dynamics of these latter depend, in the 
last analysis, on the same hip muscles which control the dynamics 
of the proximal portions of the legs; the distal dynamics become, 
however, richly differentiated in biodynamic detail, not when these 
details are incorporated in the effector impulse and are lirsi refected 
in the dynamics of the pliant proximal points, but only when func¬ 
tional integration of the receptors and effectors is achieved and when 
the effector side of the nervous system learns to seize the Heeling 
moments of functional conductivity. 

The reliability of this explanation is well illustrated by observa¬ 
tions on the world-famous runner, Jules Ladoumcg. In his case, 
the dynamic curves of the distal limbs reach their maximum degree 
of resolution, far exceeding the degree of resolution observable in 
the curves of other runners; and, further, in his case this degree of 
resolution was accompanied by a particularly rich set of modulations 
of forces in the distal limbs corresponding to extremely accurate 
control of external, biodynamic processes. In the complicated multi- 
jointed pendulum, by which the leg may be represented in bio¬ 
dynamic terms, the dynamic interactions of the limbs, the play of 
reactive forces, the complex oscillations of the links, etc., are ex¬ 
tremely varied and abundant; the fact that they are kept in the back¬ 
ground in the case of this great runner, but have at the same time 
such abundant reflections in the dynamic curves, is evidence of the 
extremely delicate degree of adaptation to proprioceptive sig¬ 
nalling achieved by Ladoumeg’s neuromolor apparatus. It is pre¬ 
cisely this adaptability which allows him a high degree of differen¬ 
tiation and control over the active dynamics of his distal limbs; in 

his case this is accompanied by a considerable degree of quanti¬ 
tative economy of force. 
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Wc may also cite in favour of this explanation an observation 
made by T. Popova. For a given value of the velocity in running in 
various children, such of them as have at the time of observation a 
more differentiated biodynamic structure give as a rule smaller 
amplitudes of acceleration, that is to say, a smaller range of dynamic 
forces. In order to arrive at the same final result the child with the 
qualitatively less differentiated dynamic picture must expend more 
energy. This can only mean one thing: that a higher degree of re¬ 
solution of the distal force curves is a sign that the system is 
learning to seize the moments of least resistance or, to put the 
matter another way, to utilize the whole rich play of external forces 
and possibly also the entire physiological (involuntary) gamma 
reciprocals and other more complex reactive processes at the 
muscle periphery. 

The further development of running in children after the age of 
5 closely repeats that for walking and I shall not dwell on it at 
present. 

An analysis of changes in walking in old persons undertaken by 
P. Spielberg* has reinforced the data discussed above on the 
development of the structure of the locomotor act with interesting 
data on its involution. Spielberg distinguishes three involutional 
stages in the walking of old people. In the first of these stages some 
decrease in the normal activity of the structural mechanisms of 
walking can already be discerned, but this decrease is effectively 
compensated for by the involvement of the higher psychic; functions 
in the realization of the act of walking: consciousness, voluntary 
attention, and so on. In the second stage cf involution this alerting 
of conciousness gives way to a heightened degree of fussiness, 
hyperproduction of movements, hasty and short steps, etc. The 
inventory of the dynamic structural elements becomes poorer; the 
vertical wave b 2 for the foot gradually diminishes and then dis¬ 
appears (in early childhood this wave develops, on the other hand, 
last of all), then the peak of the longitudinal component under¬ 
goes attrition. The reactive wave a is retained longer. In the third 
stage we observe gross dissolution of the structure of movement. 
The force curves become small in amplitude and impoverished in 
terms of their components. They lose element after element. 
Meanwhile, the equality between successive steps disappears and 

* This study was undertaken at the Laboratory of Physiology of Movement 
of the Aii-Union Institute of Experimental Medicine. 


Biodynamics of Locomotion 93 

irregularity begins with alternation of relatively large ami small 
steps and deeper signs of disco-ordination (disorder of the forms of 
the ^curves). To this picture of decay we may also add P. Spielberg's 
observation of the disintegration of normal unitary co-ordinnlion. 
The synergy existing in normal walking between the action of the 
arms and legs is destroyed, the movements of the arms become 
arrhythmical and the amplitude of these movements gradually di¬ 
minishes to zero, after which the arms arc stretched out rigidly 
slightly in front of the body—as if in constant readiness to support 
the body in case of falling. The vertical amplitude at points of the 
feet is still perceptible, but amplitudes for the upper portions of the 
body rapidly decline to zero, destroying the normal proportion 
between movements of the upper and lower portions of the body. 
In extreme senescence a man eventually has force curves which arc 
as devoid of peaks as his jaws arc of teeth. Among the force curves 
there survive only the earliest reciprocal elements v and n„ (not 
countings) and some vestiges at times of C, and at times of y or »y. 
The dying of the structure is clearly marked in this material.* 

In this way the ontogenetic material has shown us beyond all 
doubt that the biodynamic structure of walking emerges, passes 
through a series of regular stages of development, and then regu¬ 
larly involutes in senescence. Most important in principle is the 
fact that this development is related to extremely determinate 
qualitative changes in the structure itself. In respect to its mor¬ 
phology, this structure passes in early ontogenesis through: (a) a 
reciprocal innervationaliy primative stage; (b) a stage of gradual 
development of morphological elements; (c) a stage of abundant 
proliferation of these elements; and (d) a stage of inverse develop¬ 
ment of infantile elements and the final organization of complete 
and proportional forms. 

In their relations to motor co-ordination the biodynamic structures 
of walking pass through a series of qualitatively different stages of 
development in exactly the same way. 

(1) At the beginning we encounter the signs of general hypofunc- 
tion of proprioceptive co-ordination. There is no correspondence 
between positions and dynamic phases; there is no unity of S for 
the existing adjustment between W and F\ there is no similarity of 
S' for various children. 

* In recent times, extensive and interesting studies of senile gait have been 
published by R.Drillis [81]. 
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(2) Later the child passes through a stage of development of 
proprioceptor co-ordination post factum (compensation by means 
of secondary co-ordination) and only significantly later on develops: 

(3) Co-ordination ante factum, or more accurately, in facto (ad¬ 
justment or primary co-ordination). 

It is perfectly natural to compare these sequences in morpholog¬ 
ical and functional development. This comparison may give as a 
key with which to decipher the meaning of particular morpholog¬ 
ical phenomena. 

We may first suppose that the initial ontogenetically earliest (and 
clearly also phylogenetically the most ancient) impulses e and the 
infantile n a are spontaneous preproprioceptive impulses. They re¬ 
present the original and most ancient framework of movements, 
their rhythmic and dynamic basis. All the waves developing later, 
which are brought forth during the period of the development of 
compensatory co-ordination, are already indubitably effector 
responses to proprioceptive signals; we have termed these waves 
innervationally reactive. Among these waves we have, for example, 
f and /9. The connections between the positions of a moving organ 
and its velocity must be biodynamically characteristic foi these 
waves. 

Finally, the appearance of forms and of concrete proportional¬ 
ities in the dynamic curves is deeply involved with the development 
of compensatory co-ordination, that is, with the activity of those 
highly organized apparatuses of the central nervous system which 
ensure the completion of the entirety of a projected movement, the 
definition and accuracy of movements, etc. 

And so we have established at least three forms of elements 
among the component waves of the biodynamic structure which 
differ from each other in essential ways: (1 ) spontaneously innervated, 
the earliest and most primary (e and n a ); (2) reactively innervated 
(y, C, f>)\ and (3) mechanically reactive which do not have as their 
basis either innervational impulses or changes in muscular activity, 
but which arise entirely at the periphery as a result of the complex 
collision of internal and external forces in the kinematic linkage of 
the extremities. Amongst these mechanically reactive waves we may 
place a, which will be discussed further, and a whole series of other 
smaller waves. 
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4. A Sketch of the Qualitative Analysis of the Biodynamic Elements 
of the Locomotor Act 

In the “constellations” of biodynamic elements which we have 
observed and studied, the degree of visibility and clarity of the in¬ 
dividual elements and the degree of investigational interest they 
possess, are not always coincident. This has been the case in regard 
to astronomical constellations, where very often objects of the first 
magnitude, the “alpha” of the constellations, ha ve considerably less 
scientific interest than some quite faintly discernible phenomena 
such as “delta” of Cepheus, which not so long ago was epoch- 
making in astrophysics. However, the large and bright objects are 
always noticed first and they provide the investigator with an im¬ 
petus towards the examination of their fainter fellows. 

This also occurred in the present study in the case of the first mag¬ 
nitude star of the a wave. At present this wave is of considerably less 
interest to us than such weak and nebulous objects as the C group in 
walking, or the A' and n in waves in running, but it originally guided 
our investigational group towards the study of waves in general. 
For this reason it deserves a short general characterization. 

The tension of the flexor musculature at the knee results in the 
bending of the lower leg and foot backwards relative to the knee, 
though the movement in space of the knee itself and of the thigh 
with it, is not predetermined by this. According to the basic prin¬ 
ciples of biomechanics the musculature at the knee cannot displace the 
centre of gravity of the leg as a whole either forwards or backwards, 
but only along the straight line joining it to the hip joint, that is to 
say, in walking, only upwards or downwards. For this reason the 
isolated operation of the musculature at the knee moving the lower 
leg and the foot backwards inevitably moves the thigh forwards in 
compensation. The same forward displacement of the thigh is 
effected even in a case where it is itself pulled gently backwards by 
the action of the hip musculature, especially because this latter must 
surmount significantly higher moments of inertia than the mus¬ 
culature at the knee. 

In this way the result may be that, should the moment of flexion 
in the hip muscles be not much greater than the moment of flexion 
at the knee, there occurs only a very slight backward displacement 
of the centre of gravity of the leg as a whole, whereas the momen¬ 
tum at the knee can effect considerable flexion of the more compliant 
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shin-and-foot system relative to the knee. As a result the thigh will 
be displaced forward in spite of the fact that the hip muscles are- 
pulling it backwards. If it were not for this pull the high would be 



Fig. 29. Curves for the muscle force moments in normal walking com¬ 
pared with curves for the forces and accelerations of the limbs of the legs. 
From top to bottom: 1, the force moments in the knee joints; 2, the 
longitudinal components of acceleration at the centre of gravity of the 
shin-foot system; 3, the force moments in the hip joints; 4, the longi¬ 
tudinal components of the forces at the centre of gravity of the leg as a 
whole; 5, the longitudinal components of acceleration at the knee joint. 

displaced even further forward; for it not to be moved forward at 
all it would be necessary for the flexing force of the hip muscles to 
reach a significantly higher level. So towards the end of the swing 
period, forces which operate forward arise in the thigh in spite of 
the fact that the whole of the surrounding musculature., both at the 
knee and at the hip joints, is pulling backwards at that moment 


Biodyiuimics of Locomotion 

(f ig. 29). 1'his constitutes the force wave a which we term reactive- 
mechanical for the quite logical reason that il arises in opposition to 
the muscle forces at a given moment, entirely as a result of lhe peri¬ 
pheral interplay of action and reaction in the complex kinematic 
linkage of the leg. 

It is clear that i! the knee joint were to be immobilized in any way 
the wave a would rapidly disappear. 

This is confirmed in fact. In Jlandbiuh dcr normalcn ami palho- 
logischen Physiologic* is cited a cyclogramelric of the forms of the 
curves for the longitudinal velocities of the knees in the walk of a 
subject with strained ligaments at the knee joints. Because of pain 
in the joints this patient walked carefully avoiding Hexing his knee 
joints (antalgic walking) and as a result there is no sign of there 
wave in the curve obtained for his knee (this wave forms a second 
smaller prominence in the normal velocity curve for the knee (sec 
Fig. 29, on lett). We have also tested this position experimentally. 
A healthy subject had his knee joints splinted and bandaged, and as 
a result the a wave entirely disappeared from the curves or was at 
least very much reduced. The latter Tact may be explained by some 
“leakage” of the flexibility of the knee as a result of the bandages 
not having been lied tightly enough. It is interesting that under all 
these conditions the/? wave which, in normal walking, almost mer¬ 
ges with the ot wave, and is difficult to distinguish from il with the 
naked eye on normal curves for the thigh, becomes completely 
isolated, and begins to tower above the remnants of the a wave. All 
this gives final and conclusive proof that a is a reactive-mechanical 
curve. We found an opportunity to put this problem to experimental 
verification, which now leaves no doubt in the matter.! A subject with 
a very short above-knee amputation had an artificial limb which 
replaced the lower section of the thigh, the knee joint and the shin 
and foot. It was possible to lock the knee joint or to give it some- 
passive flexibility restricted on both sides by elastic buffers. When 
this subject walked with the knee joint locked, as can be seen in the 
cyclograms, the curves of movement do not show the smallest 
trace of a; when, however, the lock was left open, the artificial limb 

* W. Steinhausen, Mcchanik des menschliciien Korpers, Hdb. 1 1. norm. u. 
pathol. Physiol., Vol. 15, part 1, p. 215, from my papers in the handbook Prob¬ 
lems of the Dynamics of Bridges, edn. 63, p. 67, Moscow. See also Ref. 15. 

f A study by the Candidate for Medical Science, O. Salzgebcr, carried out In 
the Central Institute for Study of the Disabled, N.K.S.O. 
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immediately began to reproduce the phenomenon of« in walking 
(I-'ig. 30). It would be difficult to prove more completely the es¬ 
sentially mechanical nature of this phenomenon.* 

We must at once admit that it appears, on the basis of our most 
recent observations, that the « phenomenon is not entirely mech¬ 
anically reactive. Some accessory phenomena of an innervation- 
ally reactive type begin to be apparent in this wave. The appearance 



Fig. 30. Appearance of force and reactive wave a at the knee ninge of a 
prosthesis after unlocking of the hinge (from a study by O.Saltzgeber 
carried out at the Central Institute for Study of the Disabled). 


of (x in running is not limited to the single simultaneous pair of 
waves but gives rise to an entire chain of successive waves. 

This might be expected as, in life, no phenomenon is exhaustively 
described by any single explanation. 

It is possible to count very many mechanically reactive waves in 
locomotion and there certainly exist even more mechanically 
reactive components which are part of phenomena of another type. 

Among mechanically reactive waves we may enumerate, for ex¬ 
ample, the childhood f which is an echo of the force (the be¬ 
ginning of the main reverse wave »„); the waves n a and n v of the * 

* The flexing force of the knee muscles necessary for the appearance of the 
a phenomenon is replaced in this case by the force of the springs in the knee 
joint of the artificial limb. 
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Prussian goose-step, and so on. Wc may include among mechani¬ 
cally reactive components the lowering of the C area in the (hit'll 
as compared with the centre of gravity of the whole Icy. in normal 
walking, indicating the elicet of reverse reaction in Hie thigh as a 
result of the tension f of the extensor muscles of the knee. We may 
also refer to this category the passive maximum flexion of (he knee 
tn running, which occurs in spite of the quite considerable and 
long-lasting tension of its extensor muscles. By thoroughly si tidy¬ 
ing one representative of such a family we may now quite easily 
establish its position in the same family of less distinct objects. It is 
only necessary to formulate common characteristics by which 
these may be recognized. 

The basic indication of mechanically reactive waves is the pre¬ 
sence, in the curves expressing linear force or acceleration of a 
hmb, of any waves which are absent in the corresponding moments 
m the curves of muscle momenta of the nearest proximal joints. 
This most essential sign answers the question of the mechanically 
reactive nature of a wave at once and without further argument. 
To employ here another of the terms popular with morphologists, 
the curves of momenta arc the best reagents for the recognition of 
elements of this type. 

The second indication is less rigorous and less general, but is 
nevertheless more conveniently used in the majority of eases, as the 
“momentum reagent” is very time-consuming and therefore ex¬ 
pensive. The condition is that the mechanically reactive wave always 
arises as an ollshoot of another active wave, making itself felt in 
one of the intermediate limb segments. From the explanation of the 
<x wave given above it is apparent that the mechanically reactive 
wave arises because it is impossible for the internal muscles of a 
system to displace the centre of gravity of the system. Because of 
this, if the internal muscles communicate an acceleration to a single 
link in one dilection, another link will undergo compensatory ac¬ 
celeration in the opposite direction in a mechanically reactive man¬ 
ner. The second indication mentioned above follows from this: 
if, in two adjacent limbs of a freely moving system (for example, in 
the swing of a leg), there exist two simultaneous waves in opposite 
directions, it is almost always the case that these are a mechanically 
reactive pair and that one of the elements represents a reaction of 
the recoil type. 

It goes without saying that avery careful analysis of the surround- 
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ing phenomena is necessary here in order to recognize which of the 
two waves of a pair is active and which is reactive, and whether it is 
possible to regard the phenomenon as being entirely mechanically 
reactive or whether innervational components ate incorporated 
in it. 

The meaning of this analysis is quite clear. It is only after elim¬ 
inating from the picture of a movement such components as are 
imposed upon it from the periphery that it is possible to say that it 
really reflects the internal processes of innervation. Braune and 
Fischer, in their time, thought that it was possible to go about the 
matter in the opposite, synthetic way by setting determinate dyna¬ 
mic conditions and attempting to resolve the manner in which the 
complex, many-linked pendulum of a limb must move under these 
conditions. The problem is completely unresolvabie mathematically 
if approached in this way because of its extreme difficulty. We 
have chosen the other approach, which is much easier, and which is 
in any event always possible. We take the evidence of real live 
movements which are already established and integrated by nature, 
and we then gradually free them of all their external mechanical 
components, that is always possible by analytical methods. After 
this preparation only the central innervational core of a movement 
remains and this is appropriate for further purely physiological 
investigation to reveal how, and in what way, the discrete events 
occur. 

At present we stand only at the very beginning of this study. Much 
time has been spent on the development of techniques and not a 
little on the formulation of the questions. Nevertheless, some ob¬ 
servations, still difficult to systematize, have already begun to ac¬ 
cumulate in directions that reveal the nature of biodynamic ele¬ 
ments. Some of these observations I summarize here. 

If the curves for the forces in various limbs of the body are exam¬ 
ined together, in terms of the same component, then it is at once 
strikingly obvious that whole series of these elements are common to 
all limbs. In all the curves for a given moment there occurs, with a 
greater or lesser degree of synchrony, a distinct direct wave (max¬ 
imum wave) or a reverse wave (minimum wave). In other cases 
this generality is not apparent, and sometimes the maximum wave 
of one limb or system corresponds more or less in time with the 
minimum wave of another limb or system. We designate waves of 
the first type as univocal (i.e. single-signed), and waves of the 
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second type as contravocal (i.e. opposite-signed). Exceptions are 
almost unknown to the rule t hat the point of the body on one side of 
which the waves are uitivocal, and after passage through which they 
become contravocal, incorporates the active dynamic source of these 
waves. If at any given moment all points of the leg located below the 
knee display greater or lesser synchrony at the maxima of their 
force curves, while, above the knee, instead of the maximum there 
appears a minimum in the curves of the same components, this 
signifies that the dynamic cause of all the waves which have been 
examined lies in the musculature about the knee. We see an ex¬ 
pression of this law both in the case of the reactive pair n a -<x de¬ 
scribed above and in the case «„-£ in the walking of children. 

It follows from this observation that if any given wave can be 
followed in the same form through the entire length of a given 
limb, the source of arousal of this wave is located outside this limb. 
In this way we may be sure that the sources of the />,, b 2 , /; b 5 
waves of the main vertical thrusts in walking lie outside the leg, 
since they appear as univocal waves in all the force curves of the 
leg. Moreover, as these waves arc univocal for both sides of the 
body they cannot be referred to the hip musculature of one leg— 
yet another proof of their high degree of integration. 

The same cannot be said of the b 2 wave in the thigh (see Fig. 24), 
which we see to be in almost exact synchrony with the trough 
(minimum) n 2 in the curve for the vertical forces in the shin and 
foot. The change of sign takes place in the region of the knee, which 
means that the musculature of the knee is somehow involved in the 
appearance of this pair b 2 -n 2 (it can hardly be involved on its own 
because the case is complicated by the absence of a strict synchrony 
between b 2 for the thigh and n 2 for the shin and foot). 

Clearly, most longitudinal waves in (he swing period (oilier than 
«) arise outside the leg; in the curves for running it is possible to 
follow the univocality of the majority of these waves over an inter¬ 
val approximately from 8 to £ with particular clarity. At the same 
time the origin of these waves is clearly established by the circum¬ 
stance that the waves simultaneous with them in the other leg are 
opposite in sign to the former (see Fig. 27(b)); this means that the 
source of the force lies in the hip musculature—in the region joining 
one leg to the other. 

There are signs which allow us to specify, in many eases, not only 
the muscular region where a given element appears but also its 
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deeper innervalional properties. We are obliged to consider a 
number of cases (running, marching, etc.) where die force wave 
rises and falls in strict parallelism with changes in the angle of 
articulation; the more strongly, for example, the Lip joint is ex¬ 
tended, the more intensive becomes the flexion moment in this 
joint. The maximum of the angular displacement and the maximum 
of the force or ofthemoment become almost absolutely synchronous, 
or the maximum of the force lags by a few milliseconds in relation 
to the maximum angular displacement. This relationship leaves no 
doubt of the fact that the given wave is a reflex produced by the 
extension of a muscle group; a reflex of the myotatic or Eigenrcflex 
type, etc. Similar phenomena are also regularly encountered in 
running (the n A wave), in the goose-step ( n 2 ), and in stepping to 
three-part time (nf). Apparently these occur only under conditions 
of very considerable angular displacement of the limbs from their 
mean positions. 

There are waves which display very little relationship to the degree 
of angular displacement, but a very close correspondency to posi¬ 
tion. As we have already said above, in general the majority of dy¬ 
namic phases in normal healthy walking are very closely related to 
the specific positions in which they occur. This is an indication that 
proprioceptive elements are involved in all of them. Some waves 
are, however, more easily separated from their usual positions by 
changes in the type of locomotion than are others. So, for example, 
we may be sure that in the various forms of marching the £ wave 
is so indissolubly linked with the positions normal to it in walking 
that even the usual order of succession of waves is destroyed. 
Usually, in normal walking £ begins after the reflection of the 
front thrust b L , while in the three-part time marching step £ occurs 
earlier than b lt but at the precise moment when the leg reaches the £ 
position. The b y wave is displaced by the conditions of the change 
in gait, but the £ wave is not. 

In running, a wave which corresponds to £ in all respects begins, 
however, at another position of the leg than in walking. It is 
possible that we are not justified in calling this a £ wave and it is 
also possible that it is simply the case that there are in general no 
positions in running that resemble the £ position for walking, so 
that the entire kinematics of the transfer of the leg are completely 
different in the two cases. 

This question as to the extent to which it is permissible to apply 


to one or another wave the symbol of a wave which has already been 
investigated in the context of quite another form of locomotion 
leads on to a very important general question: to what degree are 
waves which we have designated by (lie same symbols in various 
forms of locomotion really homologous and not simply analogous? 

This question has been analysed by us primarily in relation to 
three groups of objects: in walking of children, running and mili¬ 
tary marching. In all these cases we have come to the conclusion 
that among the dynamic waves of various forms of locomotion wc 
undoubtedly encounter analogies which have onlv mi external 
mechanical relationship with each other and gross (.inferences in 
their nature (for example, the n 2 wave in the Prussian goose-step 
and the u L wave in the triple-time step); however, it is usually not 
difficult to distinguish these from true homologs. In general, all the 
data on the course of the development of movements, and a careful 
analysis of qualitative variations, indicate that the waves to which 
we have given a single name in all these types of locomotion arc 
real genetic homologs in the overwhelming majority of cases. 
Nevertheless, the question, for example, of the nature of the integral 
waves of the vertical components is still sufficiently complicated 
for us not to be able to establish any homology between running 
and walking, so that we have given the vertical curve for running a 
separate nomenclature. 

Important material for the determination of internal similarity 
of different waves may be obtained by observing the chronology of 
these waves. We have only just begun an analysis of components of 
this type, but it is necessary to say a few words on the topic at this 
point. If we study the waves of the curves of various points of the 
limbs it appears that waves which are absolutely synchronous at 
all points of the limbs do exist (for example, s' or it Ii: in running), 
but only as extremely rare exceptions. Any given wave usually runs 
along the limb from top to bottom, or from bottom to top; some 
waves pass through these stages faster than others. The classic cen¬ 
tral spontaneous waves e and n a move along the leg from top to 
bottom—from the centre to the periphery. Waves which are reac¬ 
tive thrusts from external forces spread from the point of application 
of these forces, for example, the supporting front thrust C in run¬ 
ning. It is still difficult to say whether this is absolutely correct. 

It is interesting that for a number of waves which have been 
studied the velocity of the passage along the limb is close to the 
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vlnciiv of passage of a nerve impulse along a neuron. This raises 
ifserics of very interesting problems which will definitely form topics 
of investigations in the immediate future. 


5. Conclusions towards the Study of Motor Co-ordination 

It is necessary as a general summary of this chapter to say a few 
words indicating in what respect the .nateriai published here w.ll 
offer new points of departure for the understanding of motor co- 

“ihTunderstanding of motor co-ordination, lib many other 
scientific goals, has been achieved by a negative method-through 
observation of the phenomena of lack of co-crdination-and ha 
be-n only gradually enriched by the accumulation of observations 
on pathological movement. Like all knowledge acquired by nega¬ 
tive means ff has constantly suffered, and suffers at present, from 
thp absence of accurate determinations. _ . 

Knowledge about the processes of co-ordination ismotjoined 
deductively from knowledge of the effector process. Until the pre 
sent whilethc moving periphery has been regarded as an exact so- 
mati'c projecthyn of the central effector apparatus reproducing m 
Se form of movements with particular exactitude and sitnphe, y 
nil those chains of effector impulses which operate m it t^re ha 
i emed no need for any special physiological organ,ration the 

T“J Ordination. If the centre transmits a regular and ef¬ 
ficient chain of effector impulses to the periphery, it will appear at 

fiuTperiphery in the form of equally regular and efficient movements, 

b lnowWge of co-ordination ought to be applied to the explana¬ 
tion of the effector process only from the moment when i, eco 
ctor ,ha th motor periphery does not have such rigid mechanic 1 
connections with the centre as were taken for granted ,n the pre- 
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uv-ding examples. Movements arc not completely determined by 

‘^7^inadequate to send to the periphery any ( completed 
effector impulse in this way, and it is still necessary to at c,u, u t e 
periphery to ensure that it has obeyed by being moved m »k u 

quired direction, there must exist together whh the uut.al emuUT 

system more or less complicated auxiliary ^kms * ^ / eeper 

slant and complete control of the periphery by t,u. ce. tu. 1 - - \ 
the functional gap with the absence of un.vocahfy ^ - a K 
centre and the periphery, the more complex and vmsh, ^ 

real relationship between impulses and movements, the ... ■ » ■ 

matlicnraffcal language) are the number of degrees o reeoo i 
the motor periphery relative to the central clkUo . . , m 
plex and delicate must be the organizational contuH to 
have referred. This organizational control is 

In t i,; s con t,ext the idea of co-ordination is in the closes. 
ship to the idea of functional non-muroaility ol the coanections 
between the motor centre and the periphery, between impulse. . 
cfets The more our knowledge of the forms and lype ol n o 
Uttivocafftlcs increases, the deeper becomes our uadcrstand.ug Che 

C0 ^"t Of sources of ,1,1s mdetcemhmey are 

known In lire first place we must recall ; 

scribed earlier. The fact of the presence ol a large numbs o 
of freedom of movement at the joints, and more so m t‘ 

kmematic chains found in the makc-upol the organ ism, pi osios. • 

many conditions for indeterminacy. Among these wc may count 
me imp“s b lity of the existence of lixed anatomical amagmns » 
' mT o'n the varialion in the function of one and the same 
muscle group a, a mulliaxial joint in tela,ion to the 
!,’* ,1 k segments; the multiplicity of action of muscles, lust do 

FrSHh: 

must include, first, the fact described above of a closed dqxmkne 
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between muscle tensions and movements-a fact establishing the 

nresencc of ^determinancy in strictly mathematical expre* ions 
^nd directly pointing to the necessity for at least two condition 
of intention independent of the primary effector impulse 

siissssESS 

IppScd fob” (r^noUonany) continuous g —£;” 0 ” 

sks .-e-sssssess: 

Si=,iSrS£Si 

SESKsSSgi: 

All thcse iiiany source, „f „ central impulse cannot be 

iTe but :ZZ J* - .beperipberyiaube 
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last spinal and myoneural synapse, at the muscle in the mechanical 
Anatomical changes of forces in the limb betng moved, etc. 

‘it fs thus obvious that the decisive role in the ach'cwmcm ol mo or 

“eh gX y .te bfain centres in terms of the ^ 

physiological conditions of the motor apparatus I lit_ cult 
Hectors achieve co-ordination of movements only by plastica y 
reacting to the totality of the signals from the afferent held, adapting 
the impulses transmitted to the situation that actua y ooiau.s, 

PC Co-ordi nation is therefore a type of complex sensory £ 

sss=i=gii 

' , the same area of physiological indeterminacy which was d 
c^abo™. For this reion this functional area deserves a me,a- 

: ^"dre stracUire of the co- 
ordinationai relict differs 

"t activity which is s,racing to 
mcct^particular situations, motor co-ordination develops slowly as 

utilizing all possible roundabout methods in order to reduce 
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. of dc „ rc es of freedom at the periphery to a minimum, 
number ol cie^rceb or olavinc a musical 

When someone who is a no ^ a $ f f rst tempts to master the 
instrument or at an industrial p ^ ■ fi d anc j holds the 

new co-ordination, ho ,s rigitd y, Jf tt to reduce 

co-ordinational surrogate in mechantsm degrees of 

(Sperm, S ) which by phystologtcal ” m 6 „ st add 

freedom as are “To b ”ds incllsiye.y), for 

widely. Lizards, snr ■’ y . between voluntary movements. 

arc as rigid as statues in t sta tue-like stiffening of the 

turns head to tail its o y rnndition find similar locking 

Mammals, apparently in y . ■ cases 0 f diseased 

completely superfluous, and r^r» to ft° catl[0 „ia, 
hype, function of the extrapyranudalo^em<“ tale P ’ thcre 

hypertonic symptom J 'td^outside of deep 

is „„ res. in mammalsanS..humat^ r ^^ a ervation 0 f standing 
sleep thcre is no similai tm y , ^ evidence 0 f this. Even 

or silling a imKke the immobile 

the set immobility of a cat or a ug u ^ jB , ai , 

sS 

STtlunon further ^degrees of <**£*»£ there hasten 

a high degree ?£ZL of fatigue. Here 

greater economy of m J observed. The first degree 

* ~ X oiall restrictions, that is, to the incorpora, 
corresponds to the mui g , T , 0 j on g Cr interfere 

tion of all possible degrees of“ c 'mplicating 
with the movements of the orgam sm buJ d so on . 

roTgat“mnfr^ them, not practical,, 
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(by eliminating the given degree of freedon, asa-ho^but j" 

. • 11 .. vi'H'tivc wav (by means oi smi-. ) 

'"TTThe eemid highest stage of co-ordinalional freedom cor- 
pulsesh -rl e seeo , t ion .„ which the organism is not 

responds to a device oi ol . \ { u ,, vinV decrees 

rs .— 

movement and in advanced students ' dcsad , cd (,y 

Apparently this a P>“ »»»'< which 

The economical eilcct oi me iuu . ,.l v , ^vcactive- 

not only is there evidence here « \^ { '}j mcch- 

innervational impulses, bu i is e . , slcms which, in 

. . .. 

possible at which this wcithh is J^^ans by which the 
It is much more difficult to d,£crn sioloi , ic; fi indetermi- 

°Z' 7 Z fenpCi it i S . however, perhaps possible to make 

r r is 

superfluous'force on extinguishing 

contrary, in employing the latter in such a way a. _ 1 hjs 

muscle forces only in the capacity f^^Sands less ex¬ 
case the same movement (in the final . ihis (by mcans of 

penditure of active iorcc. It is possi phenomena) in the 

an analogy with simpler, but sinu ar, ^active resistance 

form of a statement‘ thid “ ‘J* lat impulses is less than 

“ i,s ^ 
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conductivity is higher in the second case than it is in the lirsl. A 
higher degree of co-ordination secures a higher reactive conduc 1 - 
ity to muscle force impulses at the periphery. We must note hat 
because this heightening of conductivity is entirely acmcved by 
employing the dynamic transitory phenomena, suer ugr 
ductivity cannot be a stable or constant value. The mastery of co¬ 
ordination must consist in the ability to give the necessary impulse 
at the necessary moment, seizing the fleeting phases of Higher con¬ 
ductivity of force and avoiding those phases during which this 
conductivity falls to low values. 

It is quite in order to draw an analogy here between the examples 
of reactive-mechanical conductivity which we have studied an 
those phenomena of changes in synaptic conductivity, mentioned 
above which have been explained by neurophysiology in recent 
years!' Observations both by Lapieque and by P.We.ss rnd.cate 
that the effector impulse may arrive but not pass though. 
obvious that at this level also the most effective impulse will be 
that which arrives at a synapse at the moment of its attainment of 
a level of highest conductivity, or that which is, by ^ natme, most 
adequate to meet the conditions of conductivity (lability) at the 
final synapse (which from the point of view of the result amounts 
to the same thing). It follows that in this case aJsoc^ord.natio^l 
consist in the ability to order events so that the effector impulses 
will encounter conditions of the greatest physiological conducts y 
at the periphery and will not collide with phases ol physiological 
refractoriness which would doom them to ineffectuality. 

The role of co-ordination at this level must therefore consist in 
the preparatory organization of the motor periphery in order to 
guarantee optimal selection of conductivity. This opinion extremely 
unusual but necessarily proceeds from the lacts As tl 
impulse cannot in principle bring about by itself a co-ordination 
without being entirely dependent on afferent ]processes *™ 
not regard this impulse as somehow precisely differentiated as 
there is no biological basis for this. There is no possibihty that 
accurate effector differentiation can be developing here because, 
as has been shown above, the peripheral indeterminacy demands 
different effector connections for each successive repetition ol a 
given movement. Co-ordination at the level described lies basically 
not in the character and the accuracy of a tetanic effector impu re 
but in the accuracy of some sort of preparatory (not tetanic) effector 
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SS£S=SHS= 

P thafly bLThe pa* alo»S 

both receptor and cffcctor components. . t0 

We find it very tempting to draw upon the coneef 
axpioin Ike pbc,a.xmonon dcscribcU : to. a ,„ sk lerably ex- 

sSSSKs-iaseKi's 

dikin’"tonus which has already been understood as a ver y genu a 

P T“d°e! TafeToSpt of tonus as physiological elasticity con- 
judgement, perhaps preliminary, and to say the folkmm, 

Ss is no. merely a eondition of the muscles bu, of .he 
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entire neuromuscular apparalusJ^ n S at least the l^al 
synapse and the final common Pj l d to co-ordination as 

(e> Tonus, frora , U ”rratSi.iott to an effect. 

“ TL'to “working hypotheses these suppositions allow us to 

but which alter these co-ordination is known m 

that not a single case of path ® thology of tonus, and that 
which there is not at the sameit P ^ wh ich is related 

not a single central nervous PP relate d to the other. The 

to one of these functions wi known as an apparatus which is 
cerebellum has for some time and it is a i s0 the most 

of decisive importance for j > G f the pallidum and 

important effector for ^s^d^ibular apparatus lead to 
the nucleus ruber. Dls ° ,de J S nn , to destruction of tonus. Section 

functional lack of co-ordma 10 mult aneously in ataxia and 

of the posterior spinal tracts of tabes. Ex- 

atomia; both of these arc the ba ‘ ^ ^ disappearance of 

peri mental deafferentation r p y number of ex- 

co-ordination and the 

amples of this type could eas y flexible and reactive 

Secondly, we now see the significance ^ how . 

tonic reactions studied y , is of techniques, mostly in the 
ever, studied because of l ‘" de ^ the neck and trunk. It is clear 
static supporting organ, of the_ body ^ ^ tidty are decisive 
that these systemic reflexes ofdi e- £nt of o sitions and that their 

co-ordinational prerequisites tom ^ communica tion of a neces- 

physiologtc purpose is n trun } c 0 f the body but in- 

sary and simultaneous rigi i y tion 0 f the periphery to the 

corporates the entire preparat y dvna mic) field of forces, 
conditions of the externadirected mechanisms which 
Thirdly, tonus and those centr y is very dearly ex- 

regulate the conductivity of the dis ^J tor £cal substrate both of 
plained by the circumstance that t subordination 

Radcmacher’s tonical phenomena and of Lajncq of the 

phenomena are one and ^ Section of tire 

extrapyramidal system and v & disorgar ,i/.ation of sub- 

or^^at^~^ft^®^ u ^^ i:nUSCU ^ ar c ^ ronaX ^ e t0 '^ S consdtudona ^ 
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vuluc. II also leads lo a pictureof 

sa, a picture of set, "“‘'^^^epsion in H* 

%%%£%££» szsss 

motor cffects^and^tlre^ympatlrctic tract for Ionotropic impulses. 
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CHAPTER IV 

SOME EMERGENT PROBLEMS OF THE 
REGULATION of motor acts 

(Published in Journal Questions of Psychology, >>o. 6, 1957) 
Tnr period of struggle towards the recognition of the biological 

during periods of scientific qua 

physioloy ( . Warner). The present author gave an 

givenTgenetal mechanical fonntoion 115), and in 

are from the area of the physiology of motor acts. 

I 

The motor activity of orgaiusms^of^Mr^us^UUogiea^sig- 

nificance—it is practically th y y t but a i s0 actively 

only interacts with the sur ^™ ‘ . h ’ 110 particular 

area in comparison 
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with the physiology of receptors or of internal processes is there¬ 
fore very puzzling. So is the neglect which is obvious from the sec¬ 
tions on movement in physiological textbooks which vary up to 
now from zero to some few pages. Jt is necessary to indicate briefly 
how great is the resulting loss sustained by physiology as a whole. 

If movements arc classified from the point of view ol their bio¬ 
logical significance to the organism making them, it is clear that on 
the first level of significance we have acts which solve one or an¬ 
other particular motor problem which the organism encounters. 
Leaving the analysis of this expression aside tor the moment, we 
may note that meaningful problems which can be solved by motor 
action arise, as a rule, out of the external environmem. I h.s at once 
draws a distinction between meaningful actions ano the lange 01 
independent movements which are not concerned with overcoming 
external forces, or a large number of momentary smgle-phascc 
movements such as withdrawal of the paws. It is already nppaieni 
from this that laboratory physiology which, with very minor excep¬ 
tions excludes from the experimental chamber all movements ex¬ 
cept reflexes to pain, defensive reflexes (primarily the scratching 
reflex*), diminishes its resources of explanation not only quanti¬ 
tatively but also qualitatively, and as we now see not only m 

relation to narrowly motor problems. . 

First if in the case of relatively independent movements (point¬ 
ing, drawing lines in the air, etc.), some knowledge m mechanics 
and biomechanics is necessary in order to demonstrate the in¬ 
controvertible necessity for circular sensory regulation, lot acts o 
movement which are concerned with the surmounting ol external 
forces this necessity is evident from the outset. In all sorts ol motor 
problems in locomotion (especially complicated ones- i uniting 
over uneven ground, jumping on to an elevation, swimming tluoug i 
waves, and many other examples), in lighting with other animals, in 
industrial processes carried on by human beings, the overcoming 
of independent forces is always a prerequisite for solution. These 
forces are consequently not foreseeable, and because o. tms they 
cannot be overcome by any sort of stereotyped movements directed 
solely from within. A careless consideration of these piocesscs ol 
active interaction with independent surroundings (appaicntly the 

* The reaction designated as orientation reflex Iras only been included in Uus 
category for terminological reasons, and as far as we know has never been em¬ 
ployed for the direct investigation of reflex action. 
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SSS^S^3S 

withdrawal from a pain u stir > j 0 f t i ic control pro¬ 
form a rea ring f*^£7* act , and part ly 
cess, partly because of t it is both possible and 

because of its extreme sim^ty.H^^ duralion and 

probable that because of these characteristic nrocesses has so 
extreme simplicity the cyclical nature even ^ P sal i vation this 
far escaped attention be, it seems 

nttfime., or a very “ysiology has 

It remains to describ y p movement solving 

sustained from the replacemen ‘ f m0 vements of an 

objective protom, as th^ame, by 1^“^ ^ so fM not 

almost artificial charact ■ ' rely impoverished our 

incorporated in the operation of onec . of classical 

only role in which the, were *W , ter nimals and in 

^“^"S^id^aS different ways than in 

« tj natural selection. In 
. t wo „,d not even ..dude .he po»«>« *£ 
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order to act as a signal-releasing system the receptor must neccs- 
sarily have a high degree of sensilivily. Unit is thresholds winch me 
as low as possible, boll, for the detection of the absolute s renglh o. 
a signal, and for discrimination between signals 1 ne most sig¬ 
nificant biologically are the distance receptors, smcl., ’'caimg (even 
of ultra-high frequencies) and vision m various orders, ol rank lor 
various types of animals. In order to discriminate nwanmgtul sig¬ 
nals further from the chaotic background of “noise it 
to develop an entirely analytic or analysahonal function or he cor 
responding apparatus in the central nervous system. I ^ J 
natural that I. P- Pavlov, in greatly extending our mn 
signal-releasing functions of the receptors, should lu\e 'r ! 1 ’ , V 
analysers only in his latest years complementing this w.th the tern 
synthesis.) Finally, the most important mechanism m ’ 

, releasing role, as Scchenov hypothesized in advance ha-.-.- • J 
, revealed experimentally by investigators abroad (xwm wc c stm 
ulated by the practical problems of observation in win) to bw the 
' processes of active systematic search (“scanning”) or examination 
\ by telcrcccptors of every diapason of function, llus is an entirely 
) active process, and the effector side or the organism is hem e in¬ 
i' ployed in a manner completely analogous to that which is later 
( explained to undcrly afferentation in the control ol movements. 

( 1 must, however, note at once that this last proven Inis^rtolhmg m 
I common with the processes of the evocation ot orym ad vfive or 
acts for the integral active perception of objects m the exit.mil 

world, as wc shall discuss later. _ . 

Once a meaningful motor act has been set rn motion by any y v e 
sensory signal, the demands of biological expediency on the at eicut 
function are quite different. It was these demands wh.cn led to he 
formation of the processes of annular sensory come turn dun 
phylogenesis. We may consider the formulation ol >^jOt p ob- 
t fem and the perception of the object in the external world w.th which 
it is concerned as having their necessary prerequisites in 
full and objective perception both ot the object am o. CJt ' 
sive phase and detail of the corresponding movement which 
directed towards the solution of the particular probtcm 1 he Ins 
attribute of the receptors which may be described m t.ic cmhcx 
of this role is that of completeness, or synthesis. Teas Us been 
adequately described and studied by both psychologists and neuro- 
physiologfsts under the headings of sensory synthesis or the sen- 
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Hv , sc fic i ds wc have, for instance, the body 
sory fields. Among th^se huU thcsis 0 f objective or quah- 

schcme, the spatio-motor ^ attempted to 

tative (topological) ^ S les of theS e fields in a book on the 
give a thorough account only neccsS ary to recall that, 

structure of movements ( ]• thcsizat ion of the operation of the 

(1) in this functional area th y ( above) but 

« receptors is not fndTnplology and (2, for 

■; C an be directly followed ‘ n ’ effecting the sequential direction of 

: specific" quantitative ^ ‘luafito^c^P^ 8 : forma tion flowing 

l is so deep and stable that >t ,s m general^ ^ ^ of receptors 
distinguish by mtrospectio . , poss i b ly with the excep- 

take part in the activity.desenb degrecs . Qn 
tion of taste alone), u , temo f the proprioceptors in the 

the first level there is the general y of all tango- and 

narrow sense; further re of all pre vious practical at- 

telereceptors, organize functional proprioception, 

tempts in order to . fu !®, asoect s of the operation of the receptors 
| Other purely physiological J of Captation, “comparison 

; in the circular function p b e discussed in the 

S thresholds”, periodicity of function, etc. w, 

\ second part of this chapter. receptors as participants 

The second determining sign °^ ss _J jectivity ^ of such 

* ' tof” w ll be necessary to deal with it more 

great significance that it wm 

thoroughly. receptors in terms of an open 

It has been possible to analyse P ^ inhibUors) . it was this 

arc only in their role as b ' g ^ the te rm signal system for the entire 
role which led to the u f the centr al nervous system, 

complex of orgaus of , his way , objective accurate 

Where perceptual orga P . d of afferent function. _ 
information is not, in gen , „ deaua tely if to each answering 
The reflex system will opera sta ^ t a nd (b) correctly re- 

effector there is composition of this code may be 

Slf aSSrwithout introducing interference into the func- 
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, , -m if these two conditions alone arc observed. This 

uonal system il timsc ivv n ., rvous system to the meaning- 

indilfcrcnccon the part of the central nervous s > sic pbenomc- 

ful content of a signal ,s not a strange, puu, bml n . 

non but part of the very nature of the process o ^ co „. 

sion. This is shown by the conduction . . g ■ -• 1 , lc . conl „,i 

trol of the necessary connecting^ and Momala _air- 

apparatus. It is P ossl tc — w itla identical motors, wheels, 

craft-projectiles, motoiboat., • • t hc situation with- 

££ '• & (;"::,r “tem- it 

hiflxmathmS DuriSm 

success or failure of the act 1 natural selection in¬ 
course of phylogenesis o ivii which the receptors con- 

cxorably sifted out those -dividual in ^ thfl 

trolling motor activity open particular individual 

course of ontogenesis each encwnlc of a^rt.a the 

with the surrounding envnom . development (sometimes 

solution of:^ s^tem of increasingly reliable 
a very valuable one), m its nervou y j , or!d both 

and accurate objective represent ^ in mccting 
in terms of the perception and thc vca !iza- 

the situation, and in terms o P‘°J e situation . Bach meaningful 

tion of the movements accqiu uiiririlv coded but an objective, 
motor directive demands notan arb 1 of the sur- 
quantitativcly and quahta ive y ' , lclion j s also an active 

rounding environment in the br-un. ■ ' Thc 

implement for the correct cognhon of the sum u ^ ^ prol) , um 

"S du^lead. to . 

leads Co knowledge ihrough 

. Th , indubitable fee. of the 

of *>»* qualitatively ditfereat wamt^^^^ ^ T he Utter finds an 

IC»W in the physiology of the eo-ord,.a,ion of movements. 
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action and «— 

* ***■>«—*» ^ 

,h Sc 0 o"n n ^adc in .he 

of theory of functioning 0 po^ P f sdcllt|6c pedigrees and 
Which arc as yet uncQua bcen workcd out> allows us to 

in the extent to which ■ y M mechan ism of operation of 

L“tS„r;r S erof eiioitation, or of differential inhthnron, 

of the reflex reaction. rnn firmed the essential principal 

A long time before telemec codes, the sam e fact »as 

of conditionality^ ot leasing the famous discovery of 

established for bio ogtea ^"^ mulus may eguaiiy 
I. P.Pavlov. The fact mat a J for one or another organic 

easily be converted into a^ in bio iogical material. As 
reflex appears to be r ® m ® . sdlool have shown (Speranskn, 
subsequent studies by , f hvsiolog i ca l function, apparently 
Bykov), in the entire comp W processes such as hormonal 
down to the deepest least a t abo lism, there is no single 

processes or the process ofcell ^ ^ ^ by the 

process which may n . , -phis remarkable indiffer- 

same method, to any re «^ * mand content of releaser 
ence of the nerv0 “ ^ ® p lov at the very beginning of his in¬ 
stimuli was noted by IT • n1l( , nome na which he discovered, 
vestigations into the range ofP which he grafted on to the 

Even the term employed for onditioned reflexes—is evi- 

trunks of the oleer orga '] 1 tedby y.M. Bekhterev, “com- 

dcnce of tins. The in relation to the inter¬ 

binational” stimuli and reflexes, is less ac p 

* “Domination over nature appearing Jr i human 
objectively accurate represent^..“ the fact that this reflec- 

nomena and processes of demonstrates for us) is objective, absolute 

c^ernaT Uuth'” 0 ^'h Lcnin, (liscu^sion doeT not” demand objectivity 

relcaser and corrective lunenons of tl ;> Pt ^ ^ ;n phys i 0 logical reality 
wtoe^doubteis^ both forms of function may be superimposed upon each other 

from time to time and may interpenetrate. 
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... j bc . phenomena, but is ncvcithcless quite ad 

^Striibe .ha system of such mcchauisms us have been 

explained up to the present time. conversion of any 

short time interval and ( ) former of those condi- 

ber of repetitions of this conjunction. The four er 

lions directly relates the phenomenon se ecte.^ ^ indi(To / cn C c 

periment only as a °f'“'1 "to the existence of so- 

of t 4ffcd ucdvffy in ms,msc U, the — ™ 
conditioned command and is no,. ^ vrttich has 

of the reflex can be explained only ‘‘ l ^ L k) ; advance in 
reflex is reflected (again by mean n ° , J ^ ■u demo associa¬ 
te Ce ^Sit^d stinuiUition. We 
tion with the aiicrem p ... f tbe r. lcl that return- 

assets 

being. 
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.srsss ;inzsrrssi=£: : 

*%ri-£«rj=s“s=v-.- 

Wise than because oi introduced from the whole chaos 

S^l^n^bardinghim. The number oj petitions 
t hi' 'ideauatc to determine the non-randomness of the juxta 

isiiiiiii 

wmmm 

in the central nervous system may already be consuurea 

^S":n^:hich reri „s ?=i n^ 

,i6,,, , 0f w« have been 

an organic unconditione off afferent “call signs” which 

- almost no sing, 

11 y . , wn in w hich wc observe the reverse structure of a con- 
av° ed link where a new conditioned reflex termination is at- 
SSI, « »motioned alfeten, are. 

were to some extent observe ino te woir “Lectures on 

. ,f ,iven indilterent reception is 

unconditioned process, for examplynterorecupt accidental rises 

the so-called probab.l.ty a posterior, that th^ ^°" it tl S different from unity, 
very rapidly, and after ten associates is lhat bo th the in- 

For the formation of a 

S2SS" Site the processes of the active reception 
by the subject. 
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i, extreme,, difliculr to employ .Mr Us 

learning of unknown movements, foi the estabiisnn 

of habits of movement and now skills, etc. _ 

An examination of the question of signal codes and the. • 
i a P Pavlov). It is clear from the above analysis that the 

isssiii 

“XS taisp^^“concepts of . second signs, sys.ctm or of 

r *r“SSHit: 

mfnoUt'tnvwayStrcnt'lrom alter forms of codes, merit, have 

"onlm other hand, the *,wrf«W Cements ,„ speech out 
r above. For 

-«=ttttgs»^Srst£ 

categories may have evolved P phenomenon of the secondary 

—— with an -hortatory signal meaning in 

primitive speech. 
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sgsplUI 

man alone; but to call speech f ^to S^ 

mos e t°Eential and rudimentary manifes- 

“T ‘° t ol f of*th» a rcc P e pS‘r°^'aretrateSundeTOted its most 

ssjss^^sSrSS 

representation of the p P ^ mentioned abo ve, has allowed 
tolerance extended to ■ f h (which makes it not a 

easy bypassing ot « J f thought ) and its treat- 

“ “ mainly concrete-objective in 

C °Russian 2 

portant, S no J‘ ol °f^ ^ a re sult of considering only a 

Western world. This is also emir y that it j s dearly 

single aspect of receptor unc 10 "' f ficx functions with 

possible to reconcile is very easy to 

the complete arbitrariness of thMr^s_J ^ ^ gy;nbolic nature 

slide from the P 0Mtl0 “ ° f f f conditionality of the picture 

£ the psyche, to the concept of the 

, we must add to the ahoec that 

are able to understand speech is a quite h P difrerentia lly to a few different 

ss- -a -«— 

any difficulty in principle. 
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II 

We may now attempt to make oor analysis of the 

of motor co-ordination in ^"Ee 

in« two problems in view: (1) to extract nom / 

ssss:—, ;r ^ 

and erhaps of the near ^ 5 ^^“ 
have to toad, upon man, points »ldt mwo ■ - . 

renort merely pointing out logical lines oi y 

Questions we have touched npon. which 

enormous number (wh.ch » “ of 

nf freedom which u can attain, both m ie. p , to 

l 7 ; pie linkages of its freely jointed kmemaUc ch ? and to 

% "J: 

complicated by each additional degree ol Li eedt 
'°7'!Z onS” »rLe of the sea has three de 8 rees ofiVecdom (if 





126 


Co-ordination and Regulation of Movements 


s=ssiiii 

SSSasa: 

along a of the S 

curves and bends which it enco • freedom of the car’s 

stSSskSsS 

«KSK 5 KSW»--: 

zr 

structed an,where. It it useful to mint out probkms of 

cutties of construction are no y t0 rs of the types men- 

signalling or to the construe 10 tofS D f a n these types 

tioned; the technical know e g . j the organization 

siy^ e rccession m of ‘impulses'ccntrolling the servoiuechan.es of 

the steering apparatus. mrison f rom the field of 

I draw m, second example, or ^Sulferemt organs fane- 
normal human motor co-or ma ion dit i ons are those of the 

tion normally and the on y u, 'h 3lM ski-stick in front ofthc 
motor problem. Fasten the handle end of <t *■ suck:tnl.^ ^ 

-^^“rtt^^Ihe^poin, 
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forwards, to stand before a been drawn' uncl'to 

circle, square or other snupk f.gurc has b cur Jaw.^ 

manipulating the ski-stic on y y *: po ; ut ,| v . s ki-stick. 

to follow the contours of the figurewdh the pmrdol c 

The stick here represents one ^ mtagonisue 

degrees or freedom; the tubing is analogous o twuu^ ^ ^ 

muscles introducing a useful for demonstrations 

system. This experiment ( attempt it just how difil- 

in an auditorium) makes clear to all who^^ ni P i 

cult and complicated it is to under the 

co-ordination of four degrees of freuio , icmcnt 0 f 

, p hnnnn being in possession ot his tud u n l 
control of a human Dung P . h , ,i lis las g who has been 

s-r^r:=Er^^mh.hcih,wcchs 

of his life. > i u-ivc <’iven in previous 

The definition of coordinationi wli h I ^ ^ u; . ;Ue: 

accounts still appears to me i vs . mastering rednn- 

The co-ordination of a movement ,s ,1,e p, -ou» *** ^ /M 

dant degrees oj freedom oj tie ^oiiy, co . ol dination is 

conversion to a controllable y • apparatus. In the basic 

the organization of the control ^.^XSnforcvmcnt, in- 
defmition I have deliberate y n _ 0 f freedom, but their mas- 
hibition, etc., of the reduni an eg chil drcn, sportsmen, 

tery. This is because (as extensive wi 
and also hcmiparetic sabjccts — 

shown) lixation eliminating the redi - . uivi . ,„,j j„ c „„. 

tioned above is employed only as the i i lcry 0 f 

venient mechod, and then on '> pnxillc. expedient 

,hc motor skill, being.’“ro V erconi)n-, this redundancy Ihroughlhc 

oegn^emfrm'onhVprrmcss^s a whokUhcJntporhutce onhe role 

T rC ‘ lt T,ZZ7Z P : ^«rZe,thate„.ordina. 

lion cannot bejegard^as^onm sort of^mdependom aettvny^^a 

particular act directed at t _ flexibility of execution 

mechanism. 
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In Judies on the structure of movements I have thoroughly con- 
s : dered the reasons which emphasize the biodynatmc necessity tor 
the organization of the mechanisms of motor co-ordination on the 
ring principle. I have also described some aspects, revealed by 
observation, of those physiological processes of interaction m con¬ 
trol which effect the co-ordinational guidance of a movement 
through the mediation of sensory syntheses of various levels o* 
structural complexity. We saw how important, among the un¬ 
predictable and almost independent forces which must be per¬ 
ceived and overcome, is the part played by reactive forces which 
occur together with external forces, which arc inevitably produced 
in movements of the multi-linked kinematic chains ofthe motor or¬ 
gans, and which are complicated in exponential progression by each 
additional link in a series of joints and by each new degree of ft 
dom of movement. Wo shall not discuss this purely biodynamic 
side of the problem any further at this point (see Chapter ■ )■ 

We now turn to a question which has been left obscure m th 
studies above but which has become increasingly pressing m the 
c“ text of contemporary developments in physio,og,cal thought 
If m „,o, co-ordination is a system of mechanisms ensuring he 
control of the motor apparatus and permitting its rich and complex 
flexibility to be utilized to the full, what can we say at the prese 
time about the means and mechanisms of this control of mot 
acts'? How may the regularities we now observe in this control bv 
employed in the interests of applied cybernetics, and which aspects 
or properties of these regularities can be isolated as most speci 
to the nervous systems ofthe higher animals and of man so that 
we may more precisely illuminate the gap which still qualitatively 
divides^(and clearly will divide for some time to come) such P r ° 
cesses as may be attained by automata from those which are realized 
in the motor acts of the life processes of highly developed orga - 

15 We must first briefly deal with some problems of terminology 
aJattenpt to systematize the principal types of self-regulating 
“stems which are h„ow„ a, the present ,lit* ( rom °J £ 
shall for brevity indicate this term by its first letters S. .) 
the problems and topics in which we are interested. 

AU systems which are self-regulating for any given parameter 
constaht or variable, must incorporate the following elements as 
minimum requirements: 
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(1) effector (motor) activity, which is to be regulated along the 
given parameter; 

(2) a control element, which conveys to the system m one way or 
another the required value of the parameter winch is to oe 

regulated; , ~ 

(3) a receptor which perceives the factual course ot the value ol 

the parameter and signals it by some means to 

(4) a comparator device , which perceives the discrepancy between 
the factual and required values with its magnitude and sign, 

(5 ) an apparatus which encodes the data provided by the com¬ 
parator device into correctional impulses which art trans¬ 
mitted by feedback linkages to 

(6) a regulator which controls the function of the ejjeetor along 
the given parameter. 

In this way the entire system displays a closed circle of inter¬ 
action, the general scheme of which is given m Hg.ol. lUm.cn 
the elements which have been enumerated there are neqaen ly in¬ 
cluded auxiliary devices of secondary importance such as amplifies, 
relavs servomotors, etc. 

The short terms used by German authors for values ol the pata- 
meter to be regulated are very convenient and we also me. h ex¬ 
pedient to use them. The required value will in future be ^Tnated 
as Sir- (from the German Sollwert), the factual value as ^ h 
the discrepancy between these which is perceived by clut.uU 4 or 
more exactly the excess or difference of over Air </»» 
will be designated by the symbol zltv. 

As an example given by Wiener [77] from an idea by h,s pa. nu 
Rosenblucth the co-ordinational control of the act o c z.^ a 
visible object from a table top may be regarded as a cons ant p o- 
cess of estimation of the rate of diminution of that seel,on the 
path over which the hand must still travel to meet the object under 
consideration. We have every justification to designate Ujc portion 
of the object as Sw, the current position of the hand as lu and the 
regularly diminishing distance between them as the vai anlc 
A L Iw - sw). I must explain that both in the explanation above 
and henceforward, I shall regard the co-ord.nalional P'occ.s m 
terms of micro-intervals of its track and of time, basing this treat¬ 
ment on data which have been accumulated over years ol work by 
my colleagues and myself. For this reason I shall regard in this 
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respect the continuous planned path or process of movement oj an 
££f a , the variable Sw and the factual variable coordinates ot 
the latter as lw. In the present context Aw will be the threshold 
vltes of deviations which ate mote ot less accuta.ely cottected 



BO. 31. the Simplest possible block di. 5 t.m ot an apparatus tot the 
control of movements. 


**f <*• — —if “ “rwhhl"eTe 

-rtf tssxsz 

follow, consequently. ,n .or ^^.“^teteasingand 

diminishfng'witMhe Attain men, of small va.ues of vatiaMe sign 

an The «n«al command post of the entire S S. ting system is 
naturally its control clement 2. Depending on the ehatactot of t^ 

S „ given b, » values of 

divided into two large classes, h b. wnn of Sw 

Sw (so-called stabilizing s y st ®^ (" rac king systems). The law of 
which vary for one reason_or^ ^ be calkd the program 

the course of the chan e ® between successive stages 

J £ be Stepwise or 
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and may, in various cases, be fund ions of lime, of the path ot action, 
of the working-point of the motor effector or of some interme¬ 
diate resultant stage of operation, etc. In the most complex and 
flexible systems even the programs may be interchangeable. 

Stabilizing systems are most primitive in their lunchon and least 
interesting from our point of view although their analogues may be 
found in the operation of reflex-ring regulation among pr.\ sio.ogicn 
systems.There are numcrouscxamplesof such systems in iccmiology, 
beginning with Watt’s centrifugal speed stabilizer for steam engines. 
A biological example is the pressure-receptor system oi staomza- 
tion of arterial pressure which lias been subjected to a thorough ex¬ 
perimental examination from this point oi view by v.ugnci l/Oj. 
The motor apparatus of the organism, in all its lunch* ms ant m 
the very essentials of its biodynamics, is organized on the principle 
of an S.S. system of the tracking type with a continuous program 
of changes for successive regulations ol Sw m each case. 

All elements of the most simple scheme of circular control in¬ 
corporated in our list and in our plan (see Fig.31) must also neces¬ 
sarily occur in organic regulations! systems in one lorn: or another, 
most especially in systems of motor control. Our Knowledge 
of these structural elements in the living motor appanuus is veiy 
uneven. We still know nothing whatever of the physiological pio- 
pertics, or even the neural substrates, of elements o and o. i he mov¬ 
ing elements of 1, the motor effectors ot our movements-the 
skeletal muscles—belong, on the other hand, to a category o 
objects which have been investigated by physiologists and bio¬ 
physicists very thoroughly and in great detail. Inc oiKi.nion o 
element 3 of the scheme—the receptor complex- has ocen thor¬ 
oughly studied, but only from one point of view—as was mown m 
ihe first part of this report—and the aspect ol ns opera non now 
under consideration still provides a great number ol topics loi in¬ 
vestigation. I shall attempt to discuss here what can at P'csent fc, 
said, both factually and hypothetically (with oruereu degrees o 
probability), about the physiological structure of e emails4 and 3 
of the scheme for the control of motor acts; 1 shall also uk mentally 
discuss as they arise problems which wc have already encoun¬ 
tered, though we are still very far from being able to solve them. It 
will be appropriate to begin this review with tnc * command point 
of the scheme—with the control clement 2. 

Every intelligent purposeful movement is made as an answer to a 
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motor probiem, and is determined—-dharcily «*£■££** 

situittioi’. as a whole. ! “ as ““ ch “ ' t ” «»l“ooto this problem. 

(an animal or human being) inco p be rcaiized by 

them is a basis of somei program such . program 

comS'to a movement, and b, wha. is this program con- 

'tl—mph on the st^Umc £[ 23 ,. discussed 
in detail how sensory corrections * ^ a djfferent 

course of a movement, re tbe book referred to; what 

*' “ ntrols ,he pro ““ “ d 

category of‘sorted nroven e ^ impression that the gmd- 

air, indicating a point, etc.), m y t , , es in S w, by means of 

ing principle underlying ^ Prog real “ ed; is the geometrical 

which corrections to the mo J e ™ ion of line arity if it is neces- 

form of such movements, the obs ation of directi on when 

sary to describe a straight h^ ^ comingtot hisconclusion,how- 
indicating a particular p , mis takin" the particular for the 
ever, we fall into the error it is indeed true 

general. In the forms of moven«. deKnted a ^ ^ but 

that correction is effect y of the pro blem. In the second 

because this is precisely P (; e that of pointing), the geo- 

of the examples which we ^rZcnent Ls shrunk to a single 

metrical guiding e'emen ° ^ sufficient to be acquainted with 

point in the visual held. q cnts 0 f pointing with a finger 

cyclogrametric records of the iU d accura cy, to become 

at an object, carried out with opbmal ski an ^ af£ made 

convinced that N which only gather, as at a 

through N non-comcident uajec^or which is bemg 

focus, in the vicinity of^the^ q j inciple of correction 

indicated.* This meanL^ible to the determination of the minimum 
is restricted, as lar as possi b ,-1 " necessary, and gives way 

— 

* Cf., also. Fig. 21. 
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respect lotboir goal to mmorm sol no 

; ssrsaas—s 

ssssasss^S^i 

oF.bc movemen. is a.lmocd a, 

^S ; t.dut“^rS,a-s, »cb broad variations in .be 
motor compos!,ion of movements become^a umvusa. .» w^ 

s copSa?™'’cmmjim“ 

the envisaged or required elleet o 
us a guiding ££*£ 

\ as a program for the di.cuio> t coucvc.c or dctcr- 

i l» “> wl ’ ich winTccr forms of the molor aclivity of higher 

industrial processes, writing, nrbcul^on, * • - • ~ , nolor 

f tnp motor act to the understanding or the iej e 
result of an action (which is a topic for psychological investigation), 
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and tint! havocmphasizcdthatwedonotyctundemandthcphysio- 

to ^\nanisms at its basis, does not mean that we can neve 
understand the essentials of these mechanisms, or that we must not 
44 -.Mrvti wp n re already in & position to consider the 

Si IdYv^ 

and co-ordination of movements, and to apply a determinate termino- 

Ly «o the psychological aspects of the necessary control fact , wl c 
° y .' |.,a»in» behind psychology in the forefront of the 

as pays oiog,sts---Ug n^ ixm unabl e to analyse the 

s f' y °! "”7^^5e processes. However, does 

L very title of tl.e present chapter 
cmnh-siy.es that its purposes were rather to raise and iormukteu 

solved subsidiary questions than to answer those alreaoy propounded. 

C^tcr 8 of‘the book referred toin ref. 23 there was a thorough 
. ■ ' r hn« and under the operation of what causes, the 

’ Z achievement of new motor habits essentially consists 
» »uch for optimal motor solutions to 

„, c •; ■■riitle problems. Because of this, prael.ee, when properly 

; L:; ; does not consist in repeating the means oj solution oi 
a mo't'v i'oblem time after time, but in the process ojsolcng this 
;■ ' : ...,J a t.ain by techniques which we changed and 

rt. -C rooelilion to repetition. It is already apparent here 
;;; in a,v eases, “practice is a particular type of repetition 
."7 ' , i itiou” and that motor training, if this position 
S. is merely mechanical repetition by rote, a method whtch 
Pas been discredited in pedagogy for some time. 

* !n cwlvisCS h ! the meaningful aspect or the given 

achieve as ~ in an, »», 


V-. r/i of Mr::- Ae r.v r"" : '/<-w,v > ° 

is possible to be a little more concrete in one’s statements in 
rc ,!.ud Z Z nUcrostructurc of the control of continuously Rowing 
motor processes. In whatever form the general guiding direct, v^ 
of 'he anticipated solution arc decoded into the concrete dc ailed 
Sir elements of direction, forces, velocities, etc., of each hmitingly 
small (more exactly, threshold value) section of the J^mcnt^ U 
beyond dispute that in the subordinate sections of the clfect 
complex there exists a corresponding version of Sw broken up 
into details in this way. It must be observed that the impingement 
of caT^ent propribcaptioh (in .he broad or in the funebona 
sense of the expression) upon successive momentary directing 
values of Sw provides at least three different types o. mtori ‘ 

^dcgre^'o^dT^repa^cy ^betwe^ on 

pa lses ,C tWs‘part ofThe'^foSs willbe mo^thoroughly studied in 

discussions i^Sie”com|»rator element” (No. 4 in our list). Secondly* 

which is provided b, .he receptor, a, to ,c par- 
tirular point of succession attained by the realization of the mo 
act incorporates the mediatory impulse fo, the transfer or swuetang 
o w to the next micro-element of the program in the train, his 

•ssss «S 

for the adaptive restructuring of the piogtam i ■ P - ‘ 

Ti ese mav range from minor purely technical alterations m th 
trajectories of the movement to other adjacent paths, to quaiitutiv 

c niS-mns of programs which involve ohanges ,n he 
nomenclature of successive elements and stages of the -notor 
•<ct and eventually amount to the adoption o " 

ir sotuta Such terminations and rccons.ruebons of programs 




■ ls a result of receptor information occur muc’ acre often than 
one would expect, because they often mvolv. only the lower 
levels of co-ordination and do not draw on the assistance of 
conscious attention (anyone who has walked, if only once m his 
life, on a surface that is not as level as a parquet floor will agice 

W 'ln Unf monograph on the structure of movements [23] it has 
been thoroughly demonstrated how numerous are the foims and 
„ o correctional processes which, in the organization and 
mastery of a motor act, may be found to be distributed between 

interact inn background levels of co-ordinational control. As was 
Jd in this book, what we describe as the automatization of a motor 
act is the constantly maintained transmission of numerous techmea 
(background) corrections to the lower co-ord.nat.onal systems the 
sensory syntheses of which arc most adequately organized for cor¬ 
rections of the given type and quality. The general law to which we 
know of practically no exception, that all component processes m 
control corrections disappear from the field of conscousne s be¬ 
sides being directly related to the guiding level “"Xre of the 
verv sense of the motor task, also provides us with evidence o Uh 
apoortiomnent of correction in terms of levels which we call a 
; , , n Tl is useful to emphasize at this point that m higher 

organisms' (and in man in particular) there exists a rich and 
multisided sensorily equipped hierarchical system o co-or ma 
tioiiul levels involved in circular control both for the realization and 
mentor, meaningfui restructuring of vnrtotts motor pr - 
This is cteirly a consequence of the enormous numbe ol 
olTrccdom ofthc motor apparatus referred toleather (s*hc 

cm only be controlled by a system as complex as we find here). Tl 

is -dsn I he underlying biological mechanism which permitted orga- 
nism s invi.m such a powerful central apparatus for motor control U 
develop their organs of movement during phylogenesis w.tnout 
being limited by the number of kinematic and dynamic degre s 

of freedom involved. . . 

Wc must now turn to element 4 of the scheme given in I ife. 3 . 

This e'ement.the comparator device (as wc have conditio c y 

termed it ) - is simultaneously a most interesting a nd puzzlmg physio- 
logicnl object, although the time is already quite ripe to be„. • 

"^rrh^pSplc 1 of regulation is necessary in any mechanism 


rjEKs* L.uu. *?*-«*>» “T" 

of the .rceulutiugjstems JUs C ^ ^ ^ ,f 

^■r^ofi«,,y«-» e - 

s,e at once encounter a compie y ccs bcwcc „ 

which we compare and perceive n example, in the 

simultaneous or successive ’ of differentiation Tor 

case of measurements perceptions, and the rc- 

any given receptor), but betvcn^ ^ 

presentation, in some for ’ or cciscly know wheth- 

element in the nervous system (wc do not yet prec scly kne 

er this is a representation, an engram, this process we 

may term it, ^ ^ measurement. So, for example, we 

vious, and easily accessiDl • , correctional reaction at 

have the threshold of the v.sual-ves^ . lhre shold 

the beginning of the tilt of a bicycle fi om the ver of a 

which characterizes the beginning ot tocawM*™ 
pencil on a deviation from an «***«% *««&}™ thresho ld for 

l0 *r* a „o» of a determined frequeney, ete. More interesting 
voice to a note oi a uu >• ,,.: n n W ill be given 

and typical features of the process under d.scuss.on 

for mmi.y. The tachometry of physi . 

various principles which, howevc . J - y and directly 

cal value directly measured by a particu ar PJ of friction 

related to velocity. (As an example we have the y ]c 

on an armature of a spring controlled by the "te» m rc J ptors 
- 11 x T f ic essential l or our purpose to recognize uia i 
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lcm. however, is solved^“jy of comparator 

the momentary position o a momentary position at a 

zvsxx r* 2£ 

have conditionally termed it), t , nf fundamental significance, 
appears to be remarkably ° jf^ould^e^mpossible to 

In the visual perception of mov direction of a given move- 

perccive not only the velocity but afo *Ae ^ ^ Useless com¬ 
ment if the process of perception we immediately 

parison of current receptions £ a word aurally, we 

preceding ones. When we ^^f‘^ 5Bive elements-the 
do not merely register the separa . i inc , or the time 

sounds—but also the time course of the meioa ^ ^ dis _ 

picture of the phonemes toget er J‘ falling sequences of 

criminate qualitatively ^^Son^e 1, etc. If I per- 
tones, between the phoneme Va a P with a pointer 

ccive, with my eyes closed that^ b f n> but also the 
on my skin, X do not perceive^ merely tl ^ ^ movcment of the 

direction of succession and t J ties _ The se are perceived 

pointer as two qualitative y appear to be primary or 

as being in some way respec ts qualitatively 

primitive to such an extentithat t\ y J ^ active form only 
similar to raw sensations. These tr are sharp i y 

for a minute fraction of a ^ory -which is the 

distinct from the usual phenomena, 

means of long term retention of _centt lly^ ^ & require s 

In a large number of cases the J mhes of this differ- 

the continuous perception not only differences 

«« (A«) but also 

mere,* or diminish. As Wagner V ^““^einfvaloosofW. 
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than the absolute ^hj^hold y^uc ^^w^eviation may 

and responded to The rates of change of ,!n< is 

can also respond ddTcrc n^ l ( 1 ’ y c omnari SOn under discussion thephe- 

evidencc that in the pi occ . , The process of comparison 

nonunion of fresh traces ^^^J^he fresh trace of their 
is not, in this case, that of Jw and Sh ; but o carlicr in time 

difference (/Xir) occurring « ‘ moment. In mathematical 

with a current value perceive - ^ fe . of the derivative d( lu )/df. 
terms this is theprocessed of perception of velocities 
There is no doubt that P f; and /In with their 

and directions, the processes oicomtw cannot in fact 

fresh traces for all d.m< °\,Z ( lo S0 i„ terms of differential 
proceed continuously, u '™' ‘ c loWCr limit to the inicrval ot 

intervals of time dt, thc,c & as a threshold value. At 

- time At which we may uonsequeny yf a parlicuUtr type oi 

the basis of these processes clearly in very close 

thresholds, thresholds f° r ^‘thresholds characterizing the 

physiological relations iq to physiological parameters 

speed of the psychomotor react “"^of Captation, etc., which 
such as lability, refract oi mess ■ ‘ ; invcs tigation. There is 

are clearly in need of ^^thc organs of sensation 

no doubt that psychoJogists specn ^ ^ matcrial which 

will already be in a position to klc a of fresh traces 

is important to the argument m favomr U^ ms . 

given above for the cluc.datioi 1 J f Q lu JJ ving notes towards a work- 
I should like to put foiward t ccnUiry , M.N.Livanov 

ing hypothesis. ^ J sof the peaks of the fi waves 
had already found that the amp' w in magnitude tromthe 

on electroencephalograms vary ; . it WC rc, to be mod- 

peaks and troughs of as evidence of some 

—fWi-— of excitabilily of lhc 

* tn particular there arises ^^f ^^p^^iogical mcchluiisins^'in 'thc^more 
mechanism of fresh traces bea._to psy Recent data surest 

general problems of engrammaU^t on an , rtancc of the complex 

with ever increasing pcrsnaswencss the par ,he reception and 

IU many-sided nature of the " ’^hon shows how distinct ate the 
transmission of information. Fur:her mw d forms 0 f tae function 

of such impressions, etc., may be. 
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W .. 1UM - [471 noted that the 

elenmts observed in the « ^ VTequ^cy for flashes, cinema 
Inwer threshold limit for the tus 1 oinc ;des with the 

*> ii 7 “ « 

freauency of the <% rhythm, a be a co i nc idence tha, the 

in individuals. It also does no s bearing a t which the specihc 
lower limit of the fusion frequen y rimina ted lies at about 

sensory properties of a sound can be d. ^ 

T^Ll range of frequencies. There a , . finlcel on holding 

published orientational invesugations by m and als o a 

and movement in the unloadc L. B.Chkhaidze on the 

series of cyclogrametric observ - ^ ^ foot cf a cyclist.* In 

rhythms of the accclc ] raU ° n t . oa P of corre ctional impulses is m cotn- 
both these cases the alterna limits of the same fro 

nlete mutual synchrony, and falls wthm no reason to 

qu n y band as the « rhythm £ of rhythmic os- 

suppose that this frequency mades the app^ ^ element of the 
cillations in the excitability of al, a muma l synchronize- 

«nex S.S. of our motor ap|, ary? Wo might also sue m 
tion through rhythm ts ^ / 0 . OI dinational process 

processes their determinate tune P intern al physiology 

time and intervals of a. re u ^ as tbat which British 

pendulum appearing m these ^ " ’ Jt mlist naturally be em- 

ohvsiologists describe as a pacemake:r i ^ thc * rhyt h«n 

phasized that whether Ait^ * rtance . There is an urgent 

" not ^ has great physiologic P f t v, 6 determination of its 
^^"^^S^lcatorsasslmplo 
relationships with su P Y etc . 

reaction time, the pets « Qutfinte , snd L.V. Chkhaite for <M> 
* I must express my debt to . 

personal communications. 
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H remains for me hrieil, 'l- 1 "- 

--^£r^o f m„,mcomr.m 

rection of an advance or anticipatuy scg mc,u ol a niove- 

thc case where, during ^ ‘/poetically impossible, there 

ment, retrospective contr (so . ca llcd ballistic movement. ) 

is a whole class of such motor ach l ol ’ lh ; s type ol mmc- 

whosecxistenccisonlymadcposMblc^y ^ ^ a „ possible 

pation: throwing at a tat get ( ^ ^ or a uiy.lt obstacle a 

ball games, etc.), .[umpu „. *■ ‘ ctc We must also note i c 

sweeping blow with a heavy va - nun , bcr of similar motor 
existence of analogous antiup. ^ con . cctio ns of a usual type • 
acts, where it necessarily u - • • sil uihir to those mace 1 y 

thesear emoluments whichJou^l ^ nlslKS uhich arc di- 

hounds following a wild amnm ; J position of the quarry, 

reeted, not towards the momc ^ cXtrapoUucd point ol mU - 
but across, towards an .antic I ^ m;Uiy cxamp.es ol this 

section with its trajectory. obiect with one’s hand, pas- 

S of thing catching a ^r^sing a racket across 

sing a ball to a running tcai ’ jn lhcgam cofiablc-tcnnis, 
the path of a moving ball oi JP c oposcs that these two types ot 
and many others. Mutc.stacdt L *^ wh l othcr> and that they should 
correction be distmguis a. tntc | asscs which he terms /u-g<. " , 

be regarded as two equa fly .mpo t importa „i in the present 

and Stcuerung . Anothci catc c my ^ 

context. . oi'thc anticipatory type, und the ’ 

The existence of corrcctic rcquC ntly than appears at lust 

that w encounter it much "“^'^portanee of » 

■ i? ht directs our attentioi programming, as has 

Sin, an, type of « 

been demonstrated above, is drtu" is an ami ci P at,on both 

motor problems as they arise, a 1 aiu l of such motoi 

of the result which is latter if only m the 

techniques as are necessary ysio iogicalprocesscsaiceatiru y 
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.. , s> -i ! s ail hierarchical range (ol levels 

-“SHE5 : iES-= 

" b ; tJU» in-va, 

towards the and result. So, speaking 

«** 

5KSSSr==S 

S£g£ss" 


CHAPTER V 


trends and problems in Tin: 

STUDYOF INVESTIGATION O r 
PHYSIOLOGY OF ACTIVITY 

(Published in Questions of Philosophy, No. 6, 1961) 

Nr-w concents and problems which have arisen out of the develop- 

consider - y un jtcrruptcd development ol strictly 

EJE2£-.K J r which *%» 

issliii 

* ‘ , ., tl(i come new directions which still need to be cm el ally con 

:r r » 

physiology of activity to these new directions ol invests • 

1 

The classical physiology of «>c last hundred 

corticition by anaesthetization of the animal, or by nxing it m a 
conditions of maximal isolation from the external 
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world. This analytical approach to the study of quiescent conditions ^ 
derived from the attempt to study every organ ^ nd eve r y ele. e - 
tarv process in isolation, attempting to exclude side ehccts o 
mutual interactions. In general terms this 

to the predominance of mechanic atomism.inthe natma science 
of that era. The absolutism of that point ot view led to » - 
viction that the whole is always the sum of >« Pans and no 
than this that the organism is a collection of cells, that all nc 
Saviour is a chain of reflexes, and that a sufficient acquaintance^ 
with the individual bricks would be enough for the comprehens.o. 

of the edifice constructed from them. 

The second characteristic feature consisted of the concept that the 
organism exists in a state of continuous equilibrium with the uni 
verse surrounding it, and that this rigid equilibrium is maintained by 
means of appropriate reactions, unrelated to each other, and made 

to each successive stimulus impinging on the 

, pnvjronmcnt The who e existence and behaviour ot tne or 

fus-response model (nowadays we would talk of input and outpu ). 

The standard of the classical materialistic physiologists was the reflex 
2 mid their central aim was the analysis of regularit.es ,n .reaction 
considered as rigidly determined input-output relationships. 

m general feehniececonomical conditions ntunta.mng after 

iSSSESSiS 

ficance of movements in his remarkable book Cerebral ^ 
one hundred years ago. If we add that time has since revealed 
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integral nature of the participation of movements m all acts ot 
sensory perception, in the education oi the sense organs during 
early childhood, in the active development of an objectively con¬ 
sistent world image in the brain by means of the regulation ot 
perceptual synthesis through practice, it is easy to understand 
the displacement of the centre of gravity of interest which is be¬ 
coming increasingly felt in contemporary physiology. 

The progressive growth in the complexity and power of technical 
devices has demonstrated very clearly that problems .T control and 
regulation form an independent area of study—a siady which is 
in no way less complex, important or comprehensive than that ot 
the energies which are subordinated to these controls.'! ne problem 
of ihc rider has begun to overshadow the problem of the horse. 

Analogously in physiology, beginning with a stubs of the ener¬ 
getics of the operating (working) condition of the organism (gas 
exchange, the control of secondary systems which do not directly 
participate in external work—breathing, circulation, sweating, etc.) 
interest has gradually begun to centre on the more comprehensive 
problems of the regulation and central control of the activity of 
living organisms. 

II 

For further discussion it is necessary to pause briefly on one 
particularly important feature of the control of motor acts which 
has been established with complete objective reliability for both 
animals and men.* This is the fact that the relationship between the 
resu lt —for example, the movement of a limb or of one of its 
joints—and such commands as are delivered to the musculature 
from the brain through the effector nerves is very complex and non- 
univocal.t This absence of univocalily is a result of the fact that 

* For a bibliography enabling the reader to become belter acquainted with 
experimental and clinical data sec the author’s paper on “Immanent problems 
in the theoretical physiology of activity" in the textbook I’robkin.i oj Cyber¬ 
netics, publ. 1961, and the journal Voprosi Psikohgii, No. 6, p. 70, 1957. 

-j- The indicated relationship between muscular excitation and the resulting 
movement is very different from the picture which was confidently described by 
physiologists of the last century (Bekhterev, Munk, etc.). It then seemed natural 
to treat the motor area of the cortex as a sort oi keyboard on which somebody s 
hand, in sovereign control, described the program for a given motor Stereotype. 
The pressing (excitation) of one of these cell buttons always brought about u 
given degree of flexion at a given joint, the pressing oi a second brought about 
extension, etc. 


cum to 
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, „ - Pl-stic belts (imagine the connecting rod of a steam en- 

muscles arc eh-^ic bcl ( spring) and the effects of 

gine replaced by rubber, ory^ depends essentially on the 

their action on the organ the beginning 

potion and .he parfcala,_«in further 
of the muscular activity.. . ieat mu ltijointed pendulum, 

explained by the fact that, as yp ( reac tiue forces) arise 

involved and complex in 1 ne co ‘ rresp0 ndence between 

in a moving limb. The lack o nrr duced at particular junc- 

messages to theand the uc aP meani „ gfl ,i movements 

“ ■ ■£, Kr» —. 

the participant (gravity, ri : > It is clear that organisms, 

etc.) and which cannot be prcd.ctcdbyhim.it«« . ^ are 

whose only channels of operatl< J" ^ achievc controlled move- 
commands given to their mu c > . means of continuous 

ments serving a particular purp £ y ^ , of the sense 

monitoring and control varied signalling 

organs. The physiology of the rerna located in the 

equiDinent with which the organism q . st of the 

muscles themselves, in the jointsvision, 

tJ apparatus pro- 

hearing and smell is , ir , uou s circular control (i.e. 

vidcs for perfectly accura e ft e . correction) of movements, even 
feedback control) and revi ‘ ‘ ^ multiple-jointed struc- 

"oTS'SXted by the non-rigid muscles which 
“ThTossible that these 

acts which have just been dcscri e a ^ n habitua | mo vc- 

* Here we have u typical ca** We 

device which is widely used in si p negative feedback control has been 

incidentally note that this pri Q op erate in the most various forms 

observed by physiologists in receny pu pjUiary refiex, regulation of blood 
of control exerted by the or B a ™ s equ nibrium, etc. It is now beyond any 
doubt thauhe most general and prevalent form of organization in liveorgamsms 
is not the reflex arc , but the reflex nag. 
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We will not dwell on this feature at present, it is more important 
to turn to another set of characteristics of goal-directed movements 
which are still very far from clear, and which still require carem 
investigation. The analysis of the peculiarities of Hus group o 
properties allows us to find a bridge between the physiology oj 
reactions , with which psychophysiologists have been exclusive y 
concerned for some time, and the physiology of activity. 


What is the standard invariable determinant of this involved 
structurally of motor acts which wc have just discussed? We can¬ 
not suppose effector commands to be such a standard dci.ci minam. 
These commands arc emitted into a system involving at least two 
types of independent forces (reactive and external lorccs) mey act 
upon the organ through a non-rigid musculature, a.ul they must 
also vary between very wide limits in order to accommodate u 
signals coming from the sense organs. These allcrenl (incoming) 
signals also cannot act as standard determinants, because signal 
giving the degree of match or mismatch between movement and 
effect can only be as variable as the cues which provide them, ane, 
more importantly, the information which they contain is a desuip- 
tion of “what is” and not of “what must be done". 1 he brain mech¬ 
anisms by which the signals giving the progress or a movement, 
are coded and deciphered, and the degree of mismaicn between 
emitted commands and the operation of the required muscle a the 
required time, also cannot be considered lor this role, because hey 
are necessarily just as variable and non-standard as the codes which 

they transform. . . r 

All our long experience in the study of motor activity, of motor 
habits and of clinical disorganization has demonstrated with 
great clarity that the standard determinant both lor the program- 
min* of motor activity and its effcction and correction by feed¬ 
back connections can only be the formation and representation o 
a motor problem by the brain in one way or another. 1 he analysis 
of this concept, and of the wide circle of relationships and facts 
which it entails, will be the particular business to which the re¬ 
mainder of this chapter is devoted. 

if we do not, for the present, avoid simple commonplace 
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„ _ f thc ar ousal and realization of 

terminology th» foments -nay be 

any action of rf 0 p SUCC essive stages. 

TCefption, and the necessary evalaa.ion tf*.*— and o 

its bearing on the individual caug d up ^ ^ n(;ccssary t0 alter 
2. The individual determines 1 activityj the situation must 

this situation; what by means f problem has already ap- 

become instead of '^ r i 'J ffi ltto g ue ss that this motor problem 

peared at this stage JUS not d ^ the bare per- 

must contain more mfornut 1 at lea3t partially not 

Examples of this ma, be readtly 

found. ^ptprmine what must be done and 

/ 3. The individual must nex available resources, 

i 4. How it must be done, and what are **»» ^ ^ ^ 

These two micro-stagesalready repre^ fo ^ process of 
lution of the problem, and ait tl is scarcely n e- 

its actual solution in terms of^m ^ ^ evaluation of successive 
cessary to emphasize that t variabiUty 0 f the situation itself, 

moments of the actual acuity, possible t0 program only 

wi th the fact that it is, ge^lly *VP duration in time, all 

rather roughly movem nts whmh; and of acts, per- 

explain the adaptational vanab 1 y P tions t0 widespread 

milting changes ranging from 

alterations in strategy. micro-stages in the transition 

It would be false to suppo« that th descr lbed above are 

from the situation to the act winch lm ^ The same stages 

found only in highly °^ ga "‘ d in sucb primitive acts as, tor ex- 

must also necessarily be found ^ fish . In this case we 

ample, the pursuit of live, p y' > in tbe necessary form arid 

also have a situation which J^ progra m for its solution. The 
measure, and a motor P roble ^ J ’ 0 f the process is coded 

precise way in which either of }s quite unknown to us 

in the nervous system of a pwdat nor a particular^ 

but it is beyond doubt that ne ry for them to tak. 

high level of nervous organization 
place. 
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Concerning the topicjit ^ h ‘^ situation, we must 

problem in comparison with the 1 ^ dependence of the 

add the following. From the pon rovo kc them, or on 

actions of an organism on ^^ ary son cs in which 

the input in general, we may d.. P’ ■^ toliw actions of 

we may rank all actions (con im dc p ClK lence on such 

I-—- <*»?> 

activating stimuli. At one u hc slillulH which activate 

which can be fully explainc ca llcd unconditioned or 

«.— 

found in humans and animals alike. movement a for which 

We may place next m our 1 "J.the r^lo of an activator, but 
the stimulus or signal continues e 1 ■ Y ( independent 

which have a meaningful content lu .s -J gating signal 
of the stimulus. For motor act!t of lh,b , iBliali ;1 „aiogous to 

increasingly takes on the le ‘ vtur “ the whole complex 

the pressing of a button which ^-hep” or -arch¬ 
process of firing a rocket, , or : t which arc very little re- 

after which fo llo W sec lum ; cctjon y Finally , at the other end 

lated in sigmhcancc to these J ac tivalinu or triggering 

of ,l, c series, wc find *ts. Ilor «h.^,, may bt . entirely 

signal docs not play a decisive u . and also the 

absent These are actions ^“’^M.idnal, and which. 
Initiative, arc entirely detennu t ibc(1 as the operalions to which 

with greater accuracy, may e properly be applied. It is 

the term “voluntary moveme onr ialc coincides with 

not difficult to see that a prog.us.mtabn CV cr-increasing 

the gradual shift from passive acts, to acts luvi b 
degree of active involvement. 

* Conditioned reflexes 

the first of the types described hem, ***££ a function, but also 

tinted conditioned reflexes a slimulu determining whether it will be loilowcd 

S'» a”p“S“S »” "erearial MM** «>’» an ac, of a,«h«r >-«, 

etc. 
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IV 

Now wo — « what * "f«^" 
concomitants of every no, of t|g» °> *£ would bc diet, 
into a motor action ° f ph which in more scientific terms 
“looking forward in Chi M Indeed , planning a motor 

may be called extrapolation J the nervous 

act(irrespective of the way ^ form of the 
system) necessauly mvo ° , e a similar way to 

pattern of what must be, but is not yet t ■ w __ 

That in which the brain forms “dofsituations 

an image of the factual situa ion a g wh ich we have im- 

which have been experienced m the o ^ ^ ^ 

pressions in our mcmoiy ' w hat ; s the essence of the 

capacity to form a ^ aK as yet unrealized, 

realize. Only such »£%%£%$££% the program- 
serve as a basis for the ^mulat P - mage of the future is 
ming of their solutions. It is cer ■ ., _ ast 0 r present 

qualitatively very different from of 

m meTd^nm 5SK.S* which is m.thodoiogicail, unde¬ 
nt a number of cases simiiar to dte i = ation provided and, it ,s 

possible, in experimental situati ^ ^ ^respective 

future” which we are dlSC ^ J- measure ment. We have, in the 
observation and to chronomi etar t - the motor problem 

first place, cases where the W^'f^essibie to the sense 
is formulated as a physical co ^ one of us reading a 

organs. A musician playing y o , ahead of the notes or 

text aloud, advances his gaze soi ; tosaytbatbot h acoustic 

words sounded at any given momci . * H d by motor means 

and psychomotor be present in the 

within a second, or fraction o connec tion. to carry out an 

brain all the while. It is possi , w , t bout hurrying, to de- 

illustrative experiment on oneself, heading tc yottrself silently) 
claim to yourself (in the same way as reading y 
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■ w ,fnoetrv which you know well by heart. Mentally listening 

before the ,nner car. one text I | )VcmMts w hicit are often 
iion, s “‘'“ tin ;' s anil a second which runs ahead, 

easily'outstripping the first text, nsj you arc 

;“„Ss“c:,n 'suSi’s. :“u—- ^ ^ 

of the programming of mot . • for J shadow ina of the future 

a great physiological reality, as if this ^h. u ^ ^^ sourccs of 

already gave it an cxistemx^he P-* • • ^ s „, cly on 

the emotion of fear, an futurc in iho brain. In 

the basis of a clear image of the ‘ ™ we encounter a 
both ancient and contemporary s fear-no severe may be 

whole series of descriptions o < c , . produced bv this coded 

tr?:"~ntcr examples of this in Uogo! (Vyi) 

in order to approach .» exp, wid«t sense of 

principles by which the mta 0 i ( nervous 

5 , is term, ma, be coded ^ ^be organism 

processes serving as the ba 8 essential difference 

ta all its behavioural manifestsal.«~md be 
from the image of the present and immediate past, 
with a small theoretical discussion. dimensions) be 

Ut all elements of,*f ™“ of a second 

related in terms of a delerniiiu brought into 

set J so that each element o, the secondi set wi 0 ^ vice 

correspondence with one or more c enu of 
versa. We will refer to the set f ‘ n ‘ ^ laN of connection 

to the set 7 as its reflectton, ^ °j lic dements of the 

as the law oj reflection, orpi oji C time functions. The elements of 

primary set may (all or pa 1 y) and with 

the set J would then be functions of ,emay bc 
functions of time^and^ir^this^casc the reflection J will 
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h ,. ■. timc f or both these reasons. As physical examples of 
systems of u» type described wo mo, take the optical m,age on 

Si it hzszs t —si'fz 

amongst which we monarch for ,t braim 

WlmWM 

Tn the 

-:s5s:s=-—• 

Ahother important error is still alive and we must consider it. 


V 

The genesis of the concept of one-to-one' 
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muscle and joint receptors (proprioception)-is not oil hu ll lc 
determine. Air enormous amount of material gathered iront the cx- 
nerimenfd physiology and pathology of the brain from S70 on- 
^ r ihc ti he Of the first discoveries in this area) indicated hc,ond 
doubt that not only was it the case that each type o! sensation has 
hs own corresponding separate zone, but that withm these zones 
there was some sort of precise correspondence with the elements o 
the peripheral territory of a given sense organ This'C^rcsponUu c 
was more or less highly differentiated depending on tin. rtrcular 
zone involved. Among these projection areas of the cortex 
most 'detailed appeared to be those subserving touch and pu - 
prioception, in which it was actually possible to a o 

cartographical projection (accurate, however, ,n vei> fctneia 
features only) of the sensitive surface of the entu e body. ^ 

The dynamic variability of the information from t te .^me oi^a , 
changing from moment to moment as it reached , > • f y 

projection areas of the cortex described above forced mvcjt.gaons 
to postulate the existence of secondary zones alongside nun wh>c 
would subserve the functions of retention (memory) ot «.nsc 
nreesions transmitted by the primary projection aicas. It was - 
sumed that these secondary zones had the same pomt-to-po.nt pro- 

je t"“ to ^^lysis of the error of atomism 
which is inherent in these postulates, which clearly was m g eat 
mrt a result of inadequate information m the held ot projection 
theory, and which was discussed above, we must again make a 

"Tt'is^not difficult to demonstrate by means of two or three ex¬ 
tremely simple visual examples that there may indeed exist pa. s of 
sets such as project fully upon each other, but that while each of 
them is easily and completely divisible into its component cle- 
i( ments a relationship in terms of projecting element^ such as 
' described above for the projection of the type E on /, ,u * < 

° b Fb!ue P ^nt d for a machine is made up of a thousand ^ncs- lti 
order to make this machine the craftsmen miist caii> 01U at 
sand operations. Does this mean that the matching ol > 

d T“Se— in S 1000 words. My = ^ 
tirely refutes my case, also in 1000 words. Does it folio* bom this 
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m each of the words which he uses refhtes one of the words in my 

Sviee for the detection of m to the dis- 

Armed with the preceding exam the secom |ary fields, 

£%£Z'Z 5££ Z approach 5 to a theoretical genera,- 

sensation? Things, objects. ^ objects What must be the 

of environments which we encounter? Objects, ^ ^ ^ ^ 

elements for a cerebral projec 101 cells? It is dear that it 

responding cortical systems an separate reflections by 

must be objects winch 'Sure ’ ld and as the stimulus 

the brain of the elements of the externa 

signals for reactions to it. ons of the brain imag e in these 

terms is nouTreadJ clear enough from what has been said, we may 
proceed further along these lines. oly of man alone 

A type of brain 

is articulate speech. signal system. But 

ort „c external thaU. t nece^saryjo add yet 

words are the names of ° J ’, ; i out 0 f this signal 

another so to say, a pro- 

jection'of'a projection, ,n which ever, 

of the first s > s “’ ” U ^ ® “ rf7hold upon the imagination if 

Clearly, atomism hdS a V ;m oretation of the second signal system 
there still exists such an lnterpretauo ^ tQol of thoU ght, 

as reduces speech, the in “ ha ' ,s ^ y P man> t0 tbe level of a 
which no less than the han m nominative case sin- 

dictionary of terms for allow us to 

gular. Neither space, nor the am f 1 ^ ^ accord ingly 
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stand 9 (2) How and where in the atomistic second signal projection 
system arc such signal words as “you think, he docs not thmk wc 
will think, you would think, they will not think incorpoutcd mt 
its structure? (3) Is it perhaps better not to discuss at all suen verbal 
signals as “wave function”, “quaternion”, “antinomy , nans 

ll0 An example of the same category of erroneous connections bc- 
tween iwo sets which arc indisputably divisible in tnui dements, 
and"alsrHndisputably related to each other, is found a, me bound uy 
between psychiatry and neurosurgery. That is, the theory ot psyJ - 
morphologism (now exposed as an error, and diluted) wh ch 
classified and subdivided elementary psychic lunciions and c 
symptoms of their deterioration in relation to their connection with 
determinate locations in the brain. In this ease also we cai.mace the 
confusion to the same error, which, m icteicmx to . 
examples ofabsurdif.es which we provided, we may tcrmlhcerror 

of the “blue print and the machine . 


VI 

Now, to turn from illustration to gcncrafiaition: lei us oppose 
that there arc connections between the elements ol tU set L, win Jr 
in one way or another join these elements into subsets oy deUi- 
ninate laws or even that we ourselves impose such ordeung '^ vs 
on the set as divide it up into families or subsystems o! c Icmcnts. 
The simplest example of an operation of this soi l is me leimu 
a system of coordinates to a plane or a spherical mu lace. It . I - 
sible to mve many examples of such sets in which an eroding ot 
his type .T not imposed from without, but exists within the set 
Lfmurd it is only necessary that the system should be obscivable 

and dcscribablc. 

* The most convincing example of the inconsistency of the second sjs™l sys- 

a true physiological theory of speech and ^sonsfor it 

A Ch. 6. p. 283, MolodayaGvardia, 

l%0. 1V Also in O. Kulagin’s paper “On the operator describing tnc J 

of translation” in the textbook Problems of Cybernetics, 2nd a, i., P- • 
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not to separate elements ( (<) w! o!c subsystems of its ele 

StfCS ordering and re.ationsbips as * operator o, 

modelling. pmn hasize how varied the forms and pnn- 

It is not necessary to eitq t0 every function of the 

ciples of modelling may he. In s ’ £ there corresponds a 

families making up the se. of the fi st o ^ ca3CSthe opera- 
determinate in M (termed the jetton ^ ^ of functl0 ns 

tor of modelling determines cont inuous or discrete, so that 

of the primary set, m series th of a “function of func- 

such a scries answers a f ^P^tative functions from 

tions”. The very formslofJJy^ffcreiit from each other 
the first set may be qualitati y exhaustively all the 

The representations in the model ma nncit ^ ^ the first 
endless multiplicity of system*f dy among them (for 

representation, or they may se J iumbers as value s for their para- 
example, selecting only mtc element or any con- 

meters, etc.)- This may f ° ^ iscre te function axes of the 
stcllation of demen s in ^ babiUty determinations of 

,„ e brain a representation (»”=!““ , The brain does not receive 
stmeted along the principles of a m of a passive Pl¬ 
an impression of the externa vrorid m « ^ „ 

ventory of dements and do t P ^ comc , 0 m ,nd phrases 
subdividing the world into clem. tQ them ;uch opera- 

for words, and plans for dr ^| n | S ]’ world fcasting the models in the 
tors as most accurately model1 the ^ foms . This process 

most consistent, exact and P under all circumstances, 

or act, of mentally modelling thf ^ h ples of analysis, system- 

undertaken actively. In real y V syste m are applied to the 
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use of operators is actively its ^^Tic'tnl’ro'^ir!. ihen it is only 
in the internal ordering ol tU. - sj ifano ., amJ employ them 

rr^xTr^' princip,cs by mKMS " f acu,c ; 

vation and investigation. thc general charactcr- 

istfcs^mi'p^P^^ 8 ofrrctiv® operational modelling of the external 

imposing on the first Z^ 

regularity, or formuUtmg a rcgul.^ y ^ dcgnv oF additional 
the first representation, 1 ‘ t! , is means thc imbrrnuuon we 

information to the task, dnd . ■ quantitatively cxtrcmeiy 

obtain from the first repres entahon ^ u is possible 

ttdige.o„„faiarge,nan. 

tity of a food. the arguments hypothesizing an 

It becomes clear in Raag; ^ th(J scnsor y ponpnery (the 
internal isomorphic repi c 1 and cannot be accepted as 

retinae, skin, etc.) are of thc observer in the 

circumstantial evidence for the e« duality oi the 

brain whom we described ab . ^ sc hcmes requires tins 

observer and the percep , superfluous and unnecessary from 

detailed isomorphism, beco . P modc ui„g. A model does not 

the point of view of active operat ^ from wi (hout, but is a 

contemplate anything wh ch cot ^ mcc hanisms trans- 

coalescent indivisible uni y f P consUU itly changes without 

forming received informal on wh. coursc of the active 

losing its continuity, or unity, and 

behaviour of the orgamsnu ^ which has already 

The phenomenon of look » motor problem (or, as we 

been mentioned as the ba. j forccs us to recognize 

may now say, for every mode of the Jut ■ cutcg ories or 
that in the brain there exist tw V ^ modtfl of the past- 

forms of modelling the P^ccpt J ; iuld the model of 
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ical while the latter can only operate by means of extrapolation to 
some or other degree of confidence or probaoility. 

Problems related to the model of the present he beyond the scope 
of this paper Many psychological investigations have alieady been 
^ndertaS along ihese lines. We shall limit onrselves to a single 
example which may incidentally indicate the great practical ™ 
portance of explanations of the nature of-operators 
models of the objects of the perceptual world. This example co 
corns the processes underlying the perception of configurations. 

The visual image of a circle has five degrees of freedom (or 
presents a five-dimensional continuum) in terms of the mu,tip lery 
of its opdeal projections on the retinae. A triangle has six degi 
of freedom while the projection of the letter H has twelve, and the 
“ of some of the other letters of the alphabet have even 
moJe This docs not, however, prevent the operator processes in the 
brain (although their structure is quite unknown to us) flom c ° r ' 
relating the enormous variety of such optical project,ons and (we 
may suppose) of cortical projections, with a single meaning a 
of symbols There can be no doubt that when it is possible in the 
future to build a machine modelling this process which will r - 
cognize letters irrespective of their sizes or type faces, it will surely 
operate not by means of passive scanning (as do present experimental 
examples), but solely in terms of the cerebral principles of opeiat 
modelling, when these are understood. 

lesions in the posterior and the . P and the sec0 ndaiy zones 

the lower parietal fields, surroun . t0 ch \ bring with them all 

of principal categories of reception (v.s.on, hear mg^ touch) bmg 

•or,, of i" «* ilfof 

and movements m space, b ri ® f’ r t 0< - a mo del of factuaPy existing reality. 

clfW PfO"»« ^ r ^£^JX!SSSSS> »“ ■*«"*“• A " 

«U,5y indisputably bale™ to ,h. contain of model!,„g 
of the future in the sense discussed above. 
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That important form of cerebra. modelling winch wa .n y 
cognized by investigators after ihe arousal ol interest ,n 1st pnys.o- 
Kof activity—that is, the modelling of the future to which we now 
turn-is logically possible only by means of -m 

whatever the brain is able lo select from the current s,turn, on, horn 
the fresh traces (see Chapter IV) of immediately preccumg pc,ccp- 
tions, from the entire previous experience ol me 
finally from those active trials and assays belong,, g .a c,, . 
actions which have so far been summarized briefly 
reactions and whose fundamental sigmhcance has cewumiy 

underestimated. . , , p 

The complex of nervous processes which makes t P - “^ l ) 
the future is so unclear and enigmatic that very little can oc su.d 
about it. Apart from the indisputable state,neni that smb. a voaq e 
exists and plays a most important directional ro c m me act, 

perceptkut of L » •» •»» 

we may make the following observations. , 

In sharp distinction to the model of the present the mode! ol tin. 
future has a probabilistic character. The anticipation or expectancy 
o“Te poasiWc outcome towards which .he cur,cm s.uu.t.on ■ 

generally speaking, can be brought to a calegoiicul icsult. At any 
phase of this process the brain is only in a position to survey a son 
of table of probabilities for possible outcomes. 


Ay i \ \ v .. = i 

0 o I c 


It is hardly necessary to make the point that, in the intents of 
analysis, we have restricted ourselves to a very simpl,bed scncmat 

^Meanwhile, the motor problem which the indiv'dual dcici m,ncd 
for himself is formulated as a categorically unique omcomc ol me 
current situation, whatever its a priori probability may oi may not 
be in the table (even if it is equal to zero). M tins way me o, pan 
activity is directed against the probabilistic model ol me luluit, and 


Outcomes j 

A \ 

B 

- 

c- 

M 

Probabililics 

Motor problem 

Pa 

1 0 

H 

Pc- 

0- 

Pm 
1 ■ 
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* *«,— of probicmsritm arise is <*£**£%!£ 

the individual to raise the P" >ta “^L^ f ^TO !!t ,i.g S le 

until it reaches unity, or becomes an accornpl h d outcomes t0 

implies the reduction of the Prob* “s of all 
zero. It is Clear that this struggle must ‘C»lt m ^ ^ 

ZZnlZ ihSTay, thi's must always be a process endowed 

”S*S£ed above tahes^ce in £ 

conditions with a multiphci y o ‘ succe ssful extrapolations, 
extent to which the brain is ab - Lb5 outC omes must 

and its estimation of perspective and of possrt no ^ 

necessarily be very apptoxi^U( . irem en ts of a given living 
approximate in re f ° f n ^ e!y elementary organisms, than in 
creature, in the case of ext Y , d bra ins.) The coarse- 
the case of creatures with very «, Y rily increase with the 

ness of the possible cxtrapolaUon mu^ ^ ^ exercise 

interval of time, At, over w SUCC e SS of the extrapolation also 

foresight. In the secondfor its completion. If 
depends on the term which t J organism is involved in 
conditions are rapidly crangi ’ ,■ - t itself to primary, coarsely 

time trouble, it may be obhged ^^ since it does not have suffi- 
exploratory techniques and resp ’ ^ e /en when caught up 

cient time for more accurate o • wbere ’tims is important, the 

in the toils of a threatenmg sduat.o^w ^ involvesachoicebetW ce n 

selection of strategies o effected though these may also be 

responses which may be rapid / ’ been more reliably 

less accurate, and Md of^nditions encountered 

evaluated. Thirdly, an 1 Y> ^ an d is bolb dependent on, 

by the organism is itself varia^ . n ’ dividua]) s0 t hat the organ; 
and independent of, the act ™ Y & sQrt ofcon ftict situation with 
ism is, in fact, .constant Jma rent from the foregoing that the 

Garni Kf great imp— “ ' h ‘ 

10 AmonJ Ae related probkmoftheforms 

tion of physiologists and ma . the nervous systems of 

of extrapolation which ar p Y ? particular mecha- 

organisms of high and low devd»Pmeub J Considering the 
nisms which they employ to achieve tn g 


Problems of the Physiology of Activity 


161 


lower purely biomechanical, types of regulation which antcccac 
uTticuW action by a minimal period of time, we apparently en¬ 
counter extrapolation of the same type as that incorpouiUd uu 
Tav m scries with the usc of two primary derivatives as mlonna- 
rn !,Lua d-iUfrom the joint and muscle signalling systems, (this 
is sometimes described as gradient extrapolation.) 
complex and meaningful types of plans for move™. ... • — • 
require reprogramming during their course, the h.gher eo 01 
to"! brain systems and the synthetic 
found to include forms of probabilistic extrapo a u * 
equipment, end these will doubtless inc nde ».on n. o* o 
active sampling as have been formutiled and dost. ,.d ... the eon 
temporary' mathematics of estimation as methods o I non local 
search 1461. It is necessary to emphasize tin. dcusi »- ■ 
nrinciole between the appearance in the physiology oi activity, of 

of attempts are cither made at random or 

which the maximum amount ot tne most 
be obtained. 

VIII 

What is known at present in experimental physudogy aboiU the 
manifestations and effects of this model of the iuturc and by what 
experimental 0 techniques may these best be described m the light of 


CRM 11 
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exact modern knowledge? Let us turn again to the consideration 
of concrete examples of f the central nervous sys- 

Amongthe multiplicity of func uo»c^ ^ fifst lQ be ex . 

tern involved in the conti o o nts are corrected while 

plained are the P r ° ce ^ ^^ eved by a system of feedback con- 
they arc in progress i • informational sources available to 

ncctions served by the nun.u • . lC(J S y ft em of correction 

the body. The mediation o us . f or t he production of any 

W - — 

as lh c technical (cohered in 

During the course of the eo oat h of the movement) one 

micro-intervala both of 1 .me;and oH|»lpa.ho.^ ^ ^ 
characteristic peculiarity o variable values of 

— 1 x? r : on 

physiological conditions. important consequences 

This is a circumstance whichb.s '»ry ^ or( , an , ling 

for the control of motor act . the wealth of information 

and co-ordinating motor acts, P ^ more than corr ect such 

from sensory sources, are cna * d d tU al movements 

disagreements as may arise betvrccn of operation, 
post factum. Proceeding w indeed does , achieve anti- 

the central nervous system ca , advance of the arousal 

cipatory adaptations in terms of the tu^ ^ ^ cmployed . These 

of all the sensory and motor J examples of regulation 

interesting but still barely mvestigated ex of 

ante factum outstrip, as it wercs move q{ anticipat ion 

time, and are closely bound up ‘ ssed above . They have been 

and extrapolation which have be 3 nd by various 

described under various experimental cond physiologica i 

investigators, now as neuromu \ > re ticular formation of 
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cesses of anticipatory adaptation can only be observed w.tn some 
difficulty and as disconnected manifestations, it is muuuu.y mus 
convenient to observe them before the beginning ol a movement, 
when the weak bioelectrical manifestations ot tonic commands are 
not masked by the far more powerful potentials accompanying 
muscular activity. These tonic impulses, which precede the begin¬ 
ning of a movement, are the neuromuscular concomitants ot sets. 
Improvements in the techniques of recording bioelcciiaca. pheno¬ 
mena in nerves and muscles will make it possible to sumy these 
processes of set (switching processes in Lapicque s metaphor) din¬ 
ing the course of the entire motor act. . - . 

The most interesting problems in this area, which nave only just 
begun to be considered, are naturally related to the ceniial neivous 
regulation of processes which involve set. Some ol the problems en¬ 
countered in this area bring us once again, and m an unexpe. led 
way to the central problem of the cerebral representation ot it. y, 
and of the types of coding which the brain imposes on Us evi¬ 
dence We approach this topic a little indirectly. 

Physiologists have distinguished for some tune between two vciy 
different forms of arousal process which exist concunciiUy in Uw 
neural and muscular substrate. One of these forms, which appeals 
to be more recent in terms of evolutionary history (U may Pjopui y 
be called neokinetic), is manifested as a rhythmic sequence o s 
of excitatory impulses (sometimes called peaks, or spikes) loilew g 
the all-or-none law. (That is to say, they have the same hci f m, 
whatever may be the strength of the supnilim.nalsimu.lus imping¬ 
ing for the given variable degree of their excitabi ily.) . cs * 
pulses travel at considerable speeds (of the order ot ler.soi melds 
per second), and arc transmitted without damping along nerve ho es. 
Because these impulses are transmitted over the entire cou.se ol the 
reflex ring through fibres enclosed in isolating myehnated envelopes 
with dielectric properties, the neural impulse codes running along 
adjacent fibres in a nerve do not suffer from mutual eic ec 
leakage. This allows us to regard them as a channelized num ot 

nervous process. . , 

A second manifestation of nervous activity m neurons and muscu¬ 
lar units which is much more ancient in terms ol its nppeuuu.ee 
during phylogenesis (it may be called palacokincue) has re ained 
in man and the higher mammals, the monopoly o. me coi.hol ol 
the smooth musculature in internal organs, and has also lm.cn ove. 
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the role of the tome transm^s °n of ^ previ01isly . These im- 
organs and effector apparatus,■ £. phenomena. Firstly, they are 

pulses differ sharply fr ° m *** aUor _ none law; secondly, 

dosable, that is, tney do no . J f ce _ or , in other words, they 
they have two types or signs o sit, . Thirdly, their activity 

m ay promote either excitation ks occu rring at 

t not explosive that is, inst ^. slo w^aves of various forms 
millisecond intervals they exhib y Ues in thc fact that 

and heights. Finally, then- mos JP ^ \ ^ obstacks for 

the dielectric covering* o major components, ar 

their passage, so thatthey ca ^ R is more correct 

able to spread across lh ^ activity as being of wave jorm 1 

to regard this form of ncr f neo kinetic impulses. This 

distinction to the channelized fom Ucal scope within the corn- 
latter property does not have mu HoweV er, in the main 

paratively narrow peripheral n . that it is precisely 

Lain mass itself we may say masses of brain tissue, 

from each other, canno £ reco'-ds). It is again unnecessary 

electroencephalograms ( E - •, quite unrelated, either 1 

make the point that encepfaaU* ams^ ^ ^ ^ { s 

terms of their frequency or thei ohgerfeA in nerve fibres, and 
of the all-or-none variety such of the superimposition of 

that they do not also represen A w hole range of clinical 

patterns of such activity U P™ ^ abnor mal S.E.G.s accompany* 
observations, particularly doubt; that wave-form pr 

ing pathological conditions, leaves M ^ ^ 5n the regulation 
cesses in the cortex play a certa P obable that this regula- 
of channelized impulses. It is more t ^ ^ ^ reticular farma- 
tional activity is bound up Cartier. We shall not consider this 
tion of the brain, as we wax ** it is currently under extensive 
aspect of the probtam*2^experimentalists and clinicians. We 

approach to the problem. 
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IX 

nnmil! 

onLn L'ndifibrentiated substrate. The discovery oi the Pjojeebon 
zones of the cortex (in about 

chanter The cortex began to be regarded as a lugmy < « 
cnapici. An- v- c- . takme piacc in ikuku 

receptacle solely for channelize p - ^ nciinas 

( ,„\ rnTcsnondme: coiticul * t? 

conductors (axons) w ■ P *- snhere and as storage 
trigger-buttons for actions 111 f i cc >r t h c environment in 

receptacles for the acquisition of experience 

nr/rirh --- ;r;,rsr:;- 

the memory ^l^xr^m^ira’^oramitocali^ition again raised its 
this century, the extreme 1 ,. . ./x attempting to 

head (the schools of Las! ti of ’ t hc cortical cells and to 
demonstrate the concept o ma. s . _ ae ,. vous processes towards 

shift the centre of gravity o 1 , 0 f impulses transmitted 

a search for specificity among the codes ot imi 

these extreme cases-to put the ^^^^LproviJcs'solid 

though the enormous mass ‘ of vicw , it would be useless to 

arguments in favour 0 o P reconciling solutions. It 

bring them to discussion, or to seek for rcconun 0 

is time that the following was clearly unde, stm ff ^ par . 

The high degree of differentiation o ^ slion . However, 
ticularly in the higher animals, is 1 ‘ Qf actjvc cxc j ta ble neural 
just because of this great cong 0 c ‘ 1 . a ]j the ncces- 
clcments packed in electrolytic substance, thee ou.i _ 

sary conditions for the development of wave process.. . ■ - 
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. .q ir ,ths md involving the interaction i ' wry 

number,' of ,hT >< tvtoc, l»***»*«> *>-> 

i ., n li; ,i,.„rcc of morphological locahzational Jii.cruilui- 

tion^and subdivision of the cortical substrate, the more favourable 
a ro the conditions for an intensive development upon it of m n- 
jocalizcd wave processes. Any electrician who is concerned w. 
aUernttina currents and fields will confirm that it is a real problem 
to P^-ct by means of shielding, the function of the aggregate 
apparatus from the effects of mutual inductance and capacitance 
between its components. This must naturally apply m a far grea 
degree to the extremely complex living ensemble wthmafluid 

electrolytic mass, where properties and charges vary b * 

functions of time and of the co-ordinates of each of their point . 

It would be incorrect to visualize wave processes m the cortex 
as macroscopic fronts which are comparable m extent with the u. 
of the entire skull. On the contrary, in correspondence wit 
microscopic non-homogeneities of the brain mass, its vai ia ® ^ 

, •; i D -i r ameters and the momentarily altering pattern of ns p 

s on "1 regard these processes as having a very delicate 
acilike spatial and temporal structure. Such fluctuations in poten- 
which can be recorded through the skull as the E.E.G. are 

esses which are composed 

e=s=is=ii 

-r«’;rr :-S“ini»» 

’The fcof diTutfan'poinls to the necessity for the con- 

sitoatiM jLa 

components 1 , i nd this once again, and for 
the problem of models of brain action, and to the question 

"Suhr ^^l^^avoided the problem as 

to what exactly may be said about the cells of secondary projeebon 
to what exactly y ^ with which they are supposed to be 

crusted What (besides the indeterminate chronic excitation postu- 
SX?iic conditioned reflex schooi) isintprin.ed upon acel! whteh 
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., :oK - for months and years the images of chairs and lamps, 
, m j hynotenuses, or the terms for these things? 1! these contents arc 
repicsenlcvl by the brain in the form of corresponding codes, then 
what determines the selection of an appropriate non occupied 
storage ceil for (his code, and in what form is it retained? 

The problem of the form taken by informational codes employee, 
by the brain, and of their storage in the mechanisms composing 
memory, is still far front a solution. It is, however, necessary to 
approach it in terms of the most modern concept. 

The falsity of the view of the opposition of the observer and tne 
percept in the brain has already been emphasized. Instead ot the 
passive expectation of information by an observer we now visualize 
active operators co-operating in synthetic and dynamic ways to 
capture information, and the modelling of prctornuilated and anti¬ 
cipatory actions. We now also expect to encounter, m- place ot 
stationary cells which select, and in some way store, microscopic 
atoms of a representation or the world, dynamically synthetic neural 
processes which arc simultaneously multiply channelized and wavc- 
like in form, and which wc have hardly begun to consider m this 
way There now appears to be more evidence for the view that the 
distinction between the cells of the brain (supposed initially w be 
empty and undifferentiated front each other), and the externally 
introduced and alien meaningful content, is just as inaccurate as 
the distinctions drawn between the internal observer and percept. 

If every active process of perception and action is represented in 
the brain by the formation of a corresponding operator, then the 
most probable form which the latter may take is the location 
of a determinate kind of contour, resulting m a new pm It tor the 
circulation of both channelized and wave-form processes-- a con¬ 
tour, the existence and characteristics of which arc not determined 
by the nature of some hypothetical content of the cells, synapses, 
interstitial tissues, etc., but by the very dynamic form of Us organiza¬ 
tion and connections. To put the matter as briefly and scnematically 
as possible, we may say that the meaningful content and adequacy 
of a given portion of the model of the environment docs not he m 
what is or is not contained in it, but is no other than this operator, 
in the sense in which this term has been defined here. 

The present account of the directions and problems confronting 
physiology does not pretend to fulfil the functions or a program, 
and so is not an exhaustive survey of the problems which exist in 
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this area The problems of the affective motivation of voluntary 
actions and of the physiological relationship between afTe^ acUv- 
itv and its conscious intellectual forms has also be^n entnc y 
elected Further, it has also not been possible to include details o 
processes In which ncga.ivc enttop, is clear,, =XP«S-1 sucha 
ta the development and growth of organisms, beginning at the stage 
of the impregnation of the ovum and the coding or mode ling 
within it of the future organism which will grow out o if e a 
neglected the cardinal problems of structuring, expressed in terms 
of°the qualitative and quantitative interaction between schemas 
o n d (metrical) forms in the processes of growth ana activity, ever- 
theless if within the range of problems on which this account 
touches 1 wemay provoke ideas, crucial objections or counter- 
“gumlhs which me important for future investigation, the purpose 
of this account will have been fulfilled. 


CHAPTER VI 


TRENDS IN PHYSIOLOGY AND THEIR 
RELATION TO CYBERNETICS 

(Published in Questions of Philosophy, No. 8, 1%2) 

Tin- introduction and development of new methods in industry have 
acted as a spur to the new trends in physiology with which we are 
concerned in this article, and to the formulation <>> me geneut. 
problems which led, after a scries of attempts, to the v-mbiishmcnt 
of cybernetics as a science. If, when we think ol cyber nUcs, wc 
have in mind not the doctrine of Wiener, Shannon. Ashby, etc 
but a general science which is concerned with the regulation o. 
complex systems in conjunction with information and communica¬ 
tion (and it is this which wc shall consider from now on), it will.be 
seen that a considerable number or the problems confroming 
modern physiologists arc closely related to the more general ones 

for which cybernetics was first intended. 

As the amount of heavy physical labour steadily decreases in 
everydaywork applied biology, starting with the energetics ol 
work, biomechanics, protection and hygienics of worx, etc., Has 
begun to turn its attention to problems concerning mtellcciual- 
ized work in man-machine complexes, rationalization of control 
and communication, distribution ol Junction, cR., 11 is P** 
ciseiy in elucidating such problems that the methods and concepts 
of cybernetics have turned out to be particularly valuable. An 
important area in modern applied psychophysiology is undoubled.y 
the study of work under conditions where very high demands me 
made on the subject’s attention, adaptability and will, etc. (astro¬ 
nautics, high-speed flight, work at high altitudes, underwater or 

underground). ... 

There are some recent offshoots of theoretical physiology which 
deserve mention and consideration here. The first one—the physio¬ 
logy of regulation— was established at about the same time us 
cybernetics and was to a certain extent its forerunner; the second 
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